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Foreword 

YOLUME 72 of the Transactions of The American Society of Mechanical 

' Engineers contains the individual papers published during 1950 under 
the sponsorship of the Society’s professidnal divisions and technical com- 
mittees, including the contributions of the Applied Mechanics Division, issued 
originally in a quarterly known as Journal of Applied Mechanics, and the 1950 
Society Records and Index. The technical papers and reports that make up 
this volume represent the Society’s annual contribution to the permanent 
record of mechanical-engineering achievement. Most of these papers and 
reports were presented at meetings of the Society and its professional divisions 
and sections and were published in monthly issues, eight being distributed 
as the Transactions of The American Society of Mechanical Engineers and 
four as the Journal of Applied Mechanics. These indexes will be found at the 
end of this volume; an mdex to Mechanical Engineering, an index to the eight 
issues published as Transactions, and an index to the four issues published as 
the Journal of Applied Mechanics. \ndexes to other ASME papers and pub- 
lications will be found on page SR-S9 at the end of this volume. 

In view of the fact that the material of which this volume is composed was 
originally issued periodically as the Transactions, Journal of Applied Mechanics, 
and Society Records, three sets of page numbers will be found. Numbers 
without letter symbols are those of the eight issues of Transactions, and the 
Journal of Applied Mechanics, and those with letter symbol SR to the So- 
ciety Records and Index section, which concludes the volume. 

All sections of the Transactions are bound together at the end of the year 
for the convenience of libraries and of engineers who wish all of the papers in 
permanent form. Copies of the bound Transactions will be found in deposi- 
tories located in selected engineering, university, and public libraries through- 
out the world. A complete list of these depositories will be found on pages 
SR-55 to SR-58 of the Society Records and Index. Copies of the Trans- 


actions have also been set aside for sale. 
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This paper encompasses the operating conditions in- 
volved in the selection of the bearing equipment used in 
high-speed freight service. Consideration is given to the 
performance of the solid-type bearing, as well as the po- 
tentials of future development, and the superior adapta- 


bility of the solid-type bearing to the economics of rail- 
. road operation. 


INTRODUCTION 


HE term “high-speed freight’’ implies the shortening of 
elapsed time between terminals. This would require higher 
~ top speeds and more rapid acceleration, 

lhe public has been led to picture freight equipment operating 
continuously at sustained speeds of 50, 60, 80, and 100 mph. 
To achieve this result, it would be necessary to have less gross 
tons per train; less resistance per train; or more power per train; 
or a combination of all three. 

In the final analysis, high-speed freight must be obtained 
within the practical limits of cost and over-all economies of rail- 
road operation. If high-speed freight is not to be restricted as to 
interchange, special equipment, and special movements, then 
all freight equipment must be equally adaptable to high-speed 
operation as and when the occasion arises. 

For high-speed freight, bearings are involved in the elements 
of the following: 


(a) Less resistance per train. 
(b) Dependability and safety. 
(ce) Economy in first cost, maintenance, and weight. 


There are listed, for freight-train service operation, 1,902,265 
cars under railroad ownership, and 263,747 cars under private- 
There are, therefore, in excess of 17,000,000 
The 
investment in these journals and bearings, and the oneration and 


all 


line ownership.‘ 
; journals with companionate bearings in operation today. 


maintenance of them are the common responsibility of 


interchanging rolling-stock operators. 
; Six railroads have been selected as representing a cross section 
of certain operating conditions upon which an analysis of the over- 
- all bearing problem for high-speed freight must be predicated. 
These six roads represent an operating ownership of 25 per cent 
of all freight equipment. Basic data are given in Table Il for 
the year 1947. 


' President, Railway Service and Supply Corporation, Indianapolis, 
Ind, Fellow ASME. 

? Chief Engineer, Magnus Metal 
pany, Chicago, Ill. Fellow ASME. 

* Vice-President in Charge of Engineering, National 
Division, American Brake Shoe Company, St. Louis, Mo. 

‘The Pocket List,’’ Third Quarter 1948, published by The Rail- 
way Equipment and Publication Company, New York, N. Y. 

* “Freight Operating Statistics of Large Steam Railways,"’ data 
compiled monthly by the Bureau of Transport Economic and Statis- 
ties, Interstate Commerce Commission. 

Contributed by the Railroad Division and presented at the Annual 
Meeting, New York, N. Y., November 27 December 2, 1948, of Tue 
AMERICAN Society OF MecHanicat ENGINEERS. 

Nore: The authors constitute the Research Advisory Committee 
for Railroad Journal Bearing Manufacturers. bs 

Statements and opinions advanced in papers are to be understood 
as individual expressions of their authors and not those of the Society. 


Division, National Lead Com- 


Bearing 


Solid-Type Journal Bearings 1 
Speed Freight Service 


‘By E. S. PEARCE,! R. |. SHOEMAKER,? ano I. E. COX 


TABLE 1 AVERAGE NUMBER OF CARS IN EACH 100 CARS 
OPERATED BY EACH RESPECTIVE ROAD WHICH ARE oF 
OWNERSHIP OTHER THAN ITS 


No. foreign cars 


{ Road per 100 cars operated 
4 55.2 
K 68.7 
72.8 
E 72.2 
F 69.0 


The basic elements of facility and economy of maintenance, 
repair, and replacement must be recognized as the first require- 
ment of the bearing equipment. 

Gross tons per train in high-speed freight will be made up in 
units of weights given in Table 2.5 It is the rolling resistance 


TABLE 2 AVERAGE GROSS YONS PER LOADED CAR . 
tons per 
Road Average Minimum Maximum 
4 58.4 57.0 59.1 
B 55.6 54.9 7.8 a 
Cc 55.5 54.1 56.3 
D 52.8 52.2 54.0 
E 53.7 52.7 54.2 7 
r 69.7 69.0 70.4 


that will determine train resistance. 
It is units of these weights that will determine the required 
bearing-load carrying capacity. It is under such bearing loads 
at the contemplated operating speeds, that bearing resistance in 
pounds per ton, in relation to total resistance, must be deter- 
mined as a relative factor in high-speed freight. 

Table 3° gives the distance that the average car on line, which 
was in movement or subject to movement, traveled per day. It 


of units of these weights 


TABLE 3 AVERAGE DISTANCE IN MILES PER DAY OF ALL 
CARS IN MOVEMENT OR SUBJECT TO MOVEMENT ad 


Distance per day, miles 


Road Average Minimum 
‘ 34.5 32.1 37.2 
B 30.0 26.9 33.2 
Cc 40.6 37.2 44.0 
D> 61.9 56.2 67.6 
47.7 42.1 52.3 
i} 48.4 39.1 59.6 


is only in movement that the function of the journal bearing 
assumes any relative and significant importance. It is in this 
distance that the functional advantages of the bearing are 
utilized and the investment justified. 

Table 4 reflects the factor of dependability under the operating 
conditions as obtained in 1947. 


TABLE 4 AVERAGE JOURNAL BEARINGS IN SERVICE PER DAY 
ON ALL CARS IN MOVEMENT OR SUBJECT TO MOVEMENT PER 
BEARING FAILURE 


Number of bearings for one failure 


Road Yearly avg Minimum Maximum 
A $7432 =a | 20288 113480 
B 86648 48464 204984 
Cc 32304 97104 
dD 19424 9376 55304 
E 33624—O 17576 69856 
45560 20968 147072 
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A minimum average of one failure for 9376 bearings to a maxi- 
mum of one failure for 204,984 bearings is equivalent to one 
failure for 526,931 bearing-miles as a minimum to 6,805,469 
bearing-miles as a maximum. Since-this reflects the actual per- 
formance of the solid unit-type bearing under existing operating 
conditions, this measure of dependability is an outstanding factor 


to consider. 
Univ Tests 


To determine the potential possibilities of the unit solid-type 
bearing under the more accelerated rate of operation of high- 
speed freight, it is necessary to turn to the laboratory test plant. 
Such tests are required since there are no road-test data available; 
nor is there ever likely to be, due to the inability to separate 
journal resistance from other elements which go to make up total 
car resistance. Likewise, extended operation under high speeds, 
effect of temperature, and other factors to give controlled condi- 
tions so thaf journal-bearing operation alone may be evaluated, 
ure available only in the laboratory test plant. 

In evaluating laboratory bearing-performance data, it must 
be recognized that laboratory operation is purposely “controlled 
accelerated service experience.’ Failure is the objective in order 
that the cause and effect may be determined and improvement 
devised and evaluated. A construction which may operate 
successfully on the railroad may fail under the adverse conditions 
in the test plant. These adverse test-plafit factors are as follows: 


1 Laboratory tests are conducted in still air, as against a 
high-velocity flow of air around journal-box contained parts in 
service. 

2 The load on a journal bearing in «a laboratory test is a 
maximum “dead” static load; whereas, in service, the load is 
“alive” and varving. 

3 In a laboratory test there is no benefit of lateral motion 
of the axle in distribution of lubricant between the journal and 


the bearing; whereas, in actual service, the axle is constantly 
moving laterally, enhancing distribution of lubricant. 

4 Speeds can be high and for extended periods of time not 
obtainable in practice. Rates of acceleration and deceleration, 
to and from high speeds, are attained that are not obtainable in 
practice. 


Fig. 1 represents the data obtained with a 5!'/.-in. LO-in, 
conventional solid-type journal-box assembly operated under the 
foregoing conditions, augmented by, subzero temperatures. 
The total bearing load was 16,375 lb, equivalent to a 70-ton car. 
The bearing, being nonfitted to the journal, had a crown area of 
only 22.5 sq in. The resulting unit loading was 735 psi. With a 
full or fitted bearing area of 45.7 sq in., the unit loading would 
have been reduced to 358 psi. The operation was one of constant 
speed at 50 mph for 66 hr. The run started in an atmosphere of 
+80, F, with temperature reducing, as the run progressed, to a 
minimum of —12 F. The operation was equivalent to a continu- 
ous run of 3300 miles. Ambient temperature, journal tempera- 
ture, and journal resistance in pounds per ton are shown in Fig. 1. 

To evaluate these results properly, some comparison should 
be made with total car resistance under like conditions of load, 
speed, and ambiert temperature. This is true also for bearing 
resistance only of other types of bearings, such as those of multi- 
ple-unit design, of which type the roller bearing is a sample. 
However, such data apparently have not been developed. 

As some measure of relative comparison, it is interesting to 
note that the distance of 3300 miles is 3 times the distance from 
New York to Chicago. The speed of 50 mph is 10 miles tinder the 
average speed of the 20th Century Limited. ° 

Fig. 2 represents data *obtained from tests using the same 
journal-box assembly and loading as used in the test covered in 
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Fig. 1, but operating in an atmosphere of —14 F to —-10 F at 
speeds of 20, 60, 80, and 100 mph. On the speed-cycle curve are 
reflected acceleration, sustained speeds, deceleration, reversal of 
movement, ambient temperature, journal temperature, and 


resistance in pounds per ton. 
SIGNIFICANCE OF JOURNAL Resistance 


It is in order to explore the potential significance of journal 
resistance in high-speed freight. For this purpose we have such 
basic data as shown in Figs. | and 2; and for available drawbar 
pull, motive power of the characteristics shown in Fig. 3.6 It is 
assumed that operation will take place on tangent level track 
with trains made up of 70-ton cars, at speeds of 50 and 80 mph. 

Total car resistance for 70-ton cars at 80 mph is 10.5 Ib per 
ton; at 50 mph, 6.7 Ib per ton.’ Journal resistance only at 50 
mph, Fig. 2, is 0.71 lb per ton. From Fig. 3, journal resistance 
after accelerating to 80 mph is 0.96 and 0.86 lb per ton. After 
running at 80 mph, it is 0.69 and 0.73 lb per ton. The average of 
these is 0.81 Ib per ton. Drawbar pull of the 8-1 locomotive at 
50 mph is 36,000 lb and at 80 mph, 22,000 Ib. 

With bearing ‘resistance entirely eliminated, the resistance 
of the 70-ton car at 50 mph is 5.99 lb per ton, and at 80 mph, 
9.69 lb per ton on tangent level track. At 50 mph the available 
drawbar pull of the S-1 locomotive is equivalent to 86 cars of 
70 tons each per train, and at 80 mph 32 cars of 70 tons each per 
train. 

Speed has been increased 60 per cent to achieve high-speed 
freight at a sacrifice of 63.5 per cent in the number of cars per 
train for factors other than bearing resistance. - 

At 80 mph the bearing resistance for a train of 70-ton cars if 
entirely eliminated is the difference between a train of 30 cars as 
compared to 32 cars. 

In freight service, under the prevailing conditions of railroad 
operation in the last 20 years, with the unit solid-type bearing, 
the average freight car has increased its average daily production 
as shown in Table 5. 

Transportation service by the railroads, as required in this 

* “Railroad Motive Power,” by P. W. Kiefer, published by Steam 
Locomotive Research Institute, Inc., New York, N. Y., June, 1947, 


chart B, p. 52. 
7 “The Steam Locomotive,” by R. P. Johnson, Simmons-Boardman 
Publishing Corporation, New York, N. Y., 1942, p. 188, table 31. 
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country, makes necessary the highest degree of unrestricted 
movement of equipment over the railroad mileage of the continent 
regardless of territorial extent and ownership of any one railroad. 
Obviously, uniform and universal facility of maintenance is a 
basic necessity; hence there has developed a high degree of 


standardization and interchange of parts. This imposes severe 


3 
IN HOURS 


Test Dara Wrrn & 10-IN. ConventTIONAL Souip-Type JourNnat-Box AsseMBLY OPERATING IN ATMOSPHERE OF 
14 F to 


-10 F 
TABLE 5 TWENTY-YEAR INCREASE IN DAILY FREIGHT-CAR_ 
PRODUCTION 


Per cent 
1926 1946s increase 
Average car miles per 2.6 .6 
Average freight-car capacity, tons> 5. 51. 
Average net ton-miles per oar per day® 948 


Conference, Committee of Public Relations, 1948, p. 72. 


> 

**Year Book of Railroad Information,’ Eastern Railroad Presidente — 
2 

» Tbid., p. 12. 


limitations on improvements in design, restricting changes to 
those not incompatible with maintaining standards. 

It is recognized that improvements in design, materials, and 
practice relating to the unit solid-type-journal bearing-box as-— 
sembly, can be made within the confines of the foregoing limita ; 
tions of standardization. 


Tre JourRNAL Box 


4 
There is general recognition of the necessity for a properly 
sealed and vented journal box to keep dirt, water, and other 
foreign matter out and to retain the lubricant in the journal box. 
Likewise, it is equally evident that lateral, in its ultimate reaction 
on lading and wear on mechanical parts, must be flexibly con- 
trolled and not rigidly opposed. These objectives are obtainable. — 


Tue JOURNAL 


Journals are finished by roller-burnishing, a practice which 
is searce'y conducive to a geometrically perfect surface. It re- 
quires considerable bearing-lining life and many miles of running 
to lap a rolled car journal to a satisfactory bearing surface. 
The permissible tolerances of journals, both diametrically and 
axially, are not only limiting factors in performance, but greatly 
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restrict the latitude in future bearing design and construction. 

To illustrate, the 5'/:-in. X 10-in. journal bearing is bored to 
5 %/,-in., but it is applied to a journal that will vary from a 
minimum of 5 in. to a maximum of 5'/: in.; and it is expected to 
perform equally well on either. Paradoxically, it does surprisingly 
well. Likewise, the length of the journal may vary as much as 
'1/,,in. from maximum to minimum; and, at the same time, the 
bearing can vary in length 3/s in. due to wear, so that there is a 
tota] of 1'/\. in. possible difference in the length of the bearing 
and length of the journal. Coupled with this is the further fact 
that these variations apply to only one journal on one end of the 
axle, vhereas there may be a different combination of dimensional 
tolerances on the opposite end of the axle. A reriewable journal 
sleeve will overcome these objections. F 


BEARINGS 


The loads imposed on car journal bearings are well within the 
safe load limits of lead-base bearing lining. The low elastic 
modulus of bearing babbitt is the only reason that we have been 
able to operate successfully under the constant fluctuation of 
ulignment, the widespread diametral tolerance, improper bearing 
and journal surfaces, and the great spread in both the quality 
and quantity of lubrication. It is the high plastic yield of lead- 
base lining which relieves the localized pressure caused by these 
conditions, thereby avoiding seizure and failure. This plastic 
condition of lining performs the important function of absorbing 
and removing abrasive materials from the journal surface. 

Shock loads, caused by improper dimensional conditions of the 
wedge and bearing, are the cause of spread linings. This is in no 
sense a reason for condemning or changing the lining metal, as 
closer tolerances of the collateral journal-box parts will solve 
this problem. It is necessary to continue to use '/,in-thick 
bearing linings, as this dimension is controlled by the journal 
diametral tolerance. This journal-bearing clearance has made 
necessary the design of the present bearing designated as the 
‘‘no clearance type.””. The present journal collar fixes the bearing 
are at approximately 120 deg. 

In considering improvements in design and materials of the 
present unit solid-type bearing per se, the low but widely fluctuat- 
ing incidence of failure, shown in Table 4, presents an economic 
element for consideration. There is the question as to the rela- 
tive improvement in performance that would accrue through 
proper maintenance practices, as compared to improved design 
and materials, although it is obvious that combination of both is 
the ultimate goal. 

The economic value of relatively simple facilities of repair and 
maintenance of the solid-type bearing and journal-box assembly, 
wheels, and trucks must be recognized in considering improve- 
ments in design and materials. Likewise, changes in design 
and/or materials must be consistent with the economies of the 
present numerous sources of bearing supply with the added ele- 
ment of protection in time of national emergencies when railroad 
transportation is the backboné of defense. 

The solid-type-bearing journal-box assembly, by virtue of its 
extreme simplicity, is victimized by unsubstantiated opinions 
and deprived of the benefits of facts. As an example, the deroga- 
tory misnomer, “friction bearing,” established by advertising is 
now popularly accepted as descriptive of the standard AAR car 
journal bearing. The use of the term ‘friction type,” applying 
to solid bearings, and the term “antifriction” to roller and ball 
bearings is erroneous and misleading, implying that friction is 
created in the operation of the solid type, and no friction in t 
operation of the roller and ball-bearing types. This is far fre 
the true fact. Nonperformance in the proper functioning of any 
component parts of the journal-box assembly and truck manifests 
itself ultimately in a bearing failure. This results in promoting 
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the false idea that the bearing is deficient because it fails to over- 
come the detrimental influences introduced hy the other com- 
ponent parts of the journal box and truck. 


JANUARY, 1950 


CONCLUSION 7% 


In its broadest aspect, the problems of bearing performance 
are not peculiar to the railroad industry alone. A co-ordinated, 
factual, aggressive, persistent, and effective approach to their 
economic solution has been far less evident in the railroad industry 
than in such other fields as aircraft, marine, automotive, and 
Diesel. This fact has been aptly described as an example of 
Quoting 
Dr. Hersey:* ‘The fact should not be overlooked, that in many 
applications where improvement has been reported as the result 
of the substitution of some novel type of bearing, equally good or 
better performance may be obtained from the simple oil-film 
bearing if properly designed and lubricated.”’ 

The Mechanical Division of the Association of American Rail- 
roads has facilities for the investigation of all elements of bearing 


“What is everybody's business is nobody’s business.’ 


performance. It now has under consideration an all-inclusive 
research and development program on this subject. Develop- 
ments in design, materials, and practices, which are directed to- 
ward improvement in dependability, economy, and safety of the 
unit solid-tvpe-bearing journal-box assembly, have been sub- 


mitted to the AAR for investigation and evaluation. —_ 
DIX 
APPENDIX A 


The potential developments in the conventional solid-type- 
bearing journal-box assembly, without disturbing the standards 
of basic design and preserving the most essential facility of main- 
tenance in unrestricted interchange, are shown by the composite 
illustration, Fig. 4. 

The conventional journal box is cut away in section showing 
the axle journal, packing, bearing, and wedge, on the right or 
rear of the box, the oil-seal dust guard; and, on the left or front of 
the journal box, the water and dustproof lid. The small mirror 
in the front of the box is used to reflect the appearance of the 
end of the axle journal for purposes of illustration, 

The dust guard and lid are to meet the requirement for a prop- 
erly sealed journal box to keep dirt, water, and other foreign 
matter out and retain the lubricant in the journal box. 

The axle journal, as shown, has had the conventional collar 
removed, and shows in place on the journal one form of sleeve. 
The use of the sleeve is to eliminate the use of journals varying 


“Theory of Lubrication,” by Mayo D. Hersey, John Wiley 
Sons, Inc., New York, N. Y., 1936, p. 13. 
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'/, in. in diam; and, as in the case o7 the illustration, a 5'/--in. 
X 10-in. journal, maintaining the diameter at 5'/: in. instead of 
a variation from 5 in. to 5'/s in. occasioned by the necessity for _ 
turning journals to repair surface conditions. The sleeve is '/s-in. 
straight-wall tubing fitting over a 5'/,-in. journal with a very 
light shrink fit of 0.005 in. at 380 F. This provides a retaining 
force of 60,000 lb. Maintenance of axle-journal surface is ac- 
complished by the renewal of the sleeve, no machining of the 
axle journal being necessary. To remove a damaged sleeve, 
simply split with a chisel and apply a new sleeve by heating to 
380 F and rapidly slipping on the journal. The journal bearing 
is that described in a previous paper by E. 8S. Pearce.® 

The journal-box wedge is the conventional wedge with a down- 
wardly projecting ledge or lug welded to the existing wedge. 
This lug is to replace the function of the axle-journal collar to 
retain the journal bearing in place laterally. This eliminates the 
troublesome limitations introduced by the presence of the con- 
ventional journal collar, that is, service difficulties, as well as 
those pertaining to future bearing design. 

The reflection of the end of the axle shows in the centering 
hole a plastic plug. This plug is made of a temperature-responsive 
material, whose liquid point and softening point are identical. 
The material can be made to respond within 2 deg F to any de- 
sired temperature. When the predetermined temperature is 
reached, the plug liquefies and by centrifugal force is spread over 
the end of the axles marking it a yellow color. The predetermined 
temperature is known as the “potential failure temperature.” 
This temperature is an indication before a journal heating exists 
that attention should be given; and, if given, a road delay due to 
a journal heating will be avoided. The objective is to eliminate 
the personal equation in inspecting and servicing journal boxes 
by indicating positively those that need attention and, conversely, 
by the absence of the indication those that do not need attention. 

¢ Journal-box packing is of conventional material (waste and 
oil), applied, however, in the form of machine-made pads of oil- 
saturated waste. This insures uniform packing of boxes and pre- 
vents displacement of the packing in whole or in part from the 
normal position in contact with the bottom are of the journal. 


APPENDIX B 


NATIONAL BEARING DivistoN—AMERICAN BRAKE SHOE COMPANY 


The renewable axle sleeve and the compound bore hearing as 
hereinafter described, have been submitted to the Mechanical 
Division of the Association of American Railroads as two of our 
developments in design, material, and practice direeted toward 
improvement in dependability, economy, and safety of the unit 
solid-type bearing and its assembly. 


The Renewable Azle Sleeve. A renewable axle sleeve has been 
developed after several years of study and investigation, as illus- 
trated in Figs. 5 and 6. 

It consists of a rigid type of bushing made of high-carbon 
low-alloy steel, heat-treated to 480-520 Bhn, with ground journal 
and dust-guard-fit surfaces. This sleeve bushing is provided with 
a ground-finished taper bore '/, in. to the foot, and is arranged 
to be locked in place by a nut screwed on the end of the axle. 

Axle preparation for the use of this sleeve consists of turning 
either new or worn axles with a taper to fit the sleeve bore, and 
threading the end of the axle for the axle nut. 

The renewable axle sleeve should be induction-heated or im- 
mersion-heated in oil to 200 F, and assembled on the axle, tight- 
ening the axle nut immediately so the sleeve will have a shrink 
fit in place. 


by E. 8S. Pearce, 


* “Locomotive and Car Journal Lubrication,” 
Trans. ASME, vol. 58, 1936, pp. 37-45. 
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CROSS-SECTION OF RENEWABLE AXLE SLEEVE 
ASSEMBLY 
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It can be removed readily by use of a hydraulic jack mounted — 
in a stirrup with lugs to fit over the renewable axle sleeve collar 
so the jacking pressure can be applied against the end of the axle. 
The axle nut should be unscrewed only a turn or two so it will act 
as an arrester when the shrink fit is broken. A thin coating of 
white lead and oil swabbed on the axle before driving the heated 
sleeve in place will prevent galling of the sleeve on the axle. 

The advantages claimed for the renewable bearing-axle sleeve 
are as follows: 


1 The provision of a hardened and accurately ground journal, 
journal collar, and journal fillet will eliminate excessive wear and 
enable the use of full-size journals throughout axle life. 

2 The use of the renewable axle sleeve will enable the contin- 
ued use of worn axles that would otherwise have to be scrapped. 

3 Axle life will be limited only by fatigue defects that are— 
detected by magnafluxing. 7 

4 
forming waste grabs will be reduced greatly because of the reduc- 
tion in clearance between the bearing and the journal, adjacent 


By maintenance of proper journal size, the tendency of ; 


to the contact area. 

Both starting and running friction will be reduced due to 
improved fit between axle and journal, and by better and harder 
journal surface. 

6 Bearing failures due to spread and distorted lining will be 
reduced since, with full-sized journal, component contained parts 
of the journal box will not be displaced from their intended 
position. This displacement of parts which occurs on undersize 
journal, also causes interruption to lubrication and packing down 
of waste away from the journal, two troubles that will be greatly 
reduced. 
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AFFECTED BY VARIATION BETWEEN JOURNAL DIAMETER AND Brar- 
ING Bore 

Compound-Bore Journal Bearing. The compound-bore journal 
bearing has a secondary bore superimposed on the standard or 
primary bore, providing a precision fit 0.004 in. in diam over 
the nominal axle diameter approximately 2 in. wide, parallel to 
and in the center of the standard bore, as shown in Fig. 7. 

The compound-bore bearing provides the equivalent to pre- 
cision hand-scraped fit on a full-size-axle. Where it is applied on 
undersized axles there is much less conformation of bearing re- 
quired in initial operation. Comparative breaks in temperature 
characteristics are shown in Fig. 8. 

The advantages claimed for the compound-bore car journal 
bearing are: 


1 Possibility of waste grabs and lint burns is decreased during 
initial operation, which are invited by larger clearances adjacent 
to contact area between journal and a standard bore bearing. 

2 Due to reduced conformation of bearing lining to journal 
surface, there is a reduction of pulling and cracking of the babbitt 
lining. 

3 Hot boxes are reduced by the reduction of both the severity 
and duration of high-temperature “break-in’’ period experienced 
initially on all bearings applied. 

4 Lubrication is improved by insurance of a larger initial 
contact area under load, reducing the initial fluid-film pressure 
per unit of area. Frequently, initial fluid-filmm pressures com- 
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bined with high initial operating temperature, and relatively 
small initial contact areas causes oil film to fail, and in extreme 
eases fluid-film cannot even be established. 


The compound-bore journal bearing is now in use by several 
leading railroads in both freight and passenger service. 

The compound-bore journal bearing has been submitted to the 
AAR, requesting its approval as an alternate standard for inter- 
change use and is on the test program. However, there will be 
no objection to its interchange use pending this approval since in 
no way does it conflict with specifications now in force, under 
which hand scraping of bearing bore is condoned and practiced. 


APPENDIX © 
& 


Some of the improvements in designs and materials developed 


fen recommended by the Magnus Metal Corporation in connec- 


Maanus Corporation 


tion with the service of solid-type bearings and their assemblies 


in high-speed freight service, are herein described. “These im- 
proved products have been developed as a result of many years 
research and they have a background of millions of miles of suc- 
cessful service in railroad operation. 

Satco bearing metal has been used very 
successfully for many years past as a lining for various types of 
railway bearings in place of lead and tin-base babbitts, antimonial 
lead, etc. This alloy was made an alternate for babbitt metal in 
linings of freight-car bearings by the Association of “American 
Railroads.” 


Satco Bearing Metal. 


Satco metal is a lead-base alloy composed of approximately 

- 95-98 per cent lead with balance calcium and other hardeners. 

The composition of the alloy is varied according to the service in 

which the bearings are used. One of the mixtures used by the 

railroads as a general-purpose bearing metal contains approxi- 

mately 97-98 per cent lead, with balance caleium and other 
hardeners. 

Graphs showing the phvsical properties of Satco metal at 
normal and elevated temperatures, as compared with AAR 
lead-base babbitt, tin-base babbitt, and antimonial lead are 
shown in Figs. 9 and 10. 

Satco metal has a melting point approximately 150 deg F 
higher than that of babbitt metals with a correspondingly higher 
hardness at elevated temperatures. These are very important 
advantages as they are a measure of the heat resistance to spalling 
and melting of the bearing lining in service. This is particularly 
important in protecting the bearing against the effects of “waste 
grabs.’’ Satco-lined bearings are said to function perfectly at 
temperatures where babbitt-lined bearings fail by melting. 

Satco can be bonded firmly to brass, bronze, steel, and alumi- 
num, the bend strength between lining and brass being 20-40 per 
cent greater than that obtained with babbitt-lined material 
Consequently, bearings lined with Satco metal are more resistant 
to cracking and loosening of the lining and resist oil penetration 
to a much greater degree than with babbitt-lined bearings. 

Iilustrations showing some of the various types of bearings 
lined with Satco metal used by the railroads for passenger cars 
and locomotives are shown in Figs. 11, 12, and 13. 

“Twinplex” Bearings. The 
“Twinplex” Satco-lined alarm journal bearing shown in Fig. 11 
is an AAR emergency-type bearing equipped with two brass 
tubes, each having a small orifice sealed with fusible metal which 
melts at 350 F. If the temperature of the bearing reaches that 
point, one of the tubes releases a distinctive and penetrating 
odor and the other a large volume of dense white smoke. The 
discharge continues until both tubes are empty, which requires 
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‘ly about 8 min. This device has had wide application for several 
te years past on main-line high-speed passenger cars and locomo- 
at tives of an important Eastern trunk line railroad. Experience 
has shown that the odor can be detected in any car in a passenger 
ni- train, regardless of whether it is a tightly sealed, air-conditioned 
per ear or not. This odor is noticeable in the train for from 4 to 8 min. 
ial. “‘Magsafe”’ Satco-Lined Journal Bearing. The Magsafe Satco- 
ant lined journal bearing shown in Fig. 12 is a standard AAR 
ion type bearing equipped with a special device to prevent lint 
wipers and “waste grabs.” 
igs This device consists of two T-section brass comb strips one on 


either side of the crown of the bearing, positioned in longitudinal 
grooves milled in the brass. In running position, the comb strips 
drop down of their own weight and contact the journal at all 
times, regardless of whether the journal is new or turned down 
to the limit of wear, thus preventing lint and strands of waste 
from climbing the journal. 

The comb strips are stopped off 1 in. from the hub end of the 
bearing to prevent end leakage of oil and to maintain full bearing 
contact at the hub end of the wheel. 

The comb and slots are T-shaped to prevent combs from falling . 
out, of the bearing when being applied or removed _ the jour- 
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nal” The comb strips distribute oil evenly along the journal, and 
they also provide oil storage in the bearing. 


Magsafe Satco-lined journal bearings are being used as °* 


standard for main-line passenger-car equipment and regularly 
assigned Pullman cars on one of our important transcontinental 
railroads. 

Magnus “R.B.” Spring-Pad Lubricator. A recent Magnus 
development is the R.B. spring-pad journal lubricator shown in 
photograph in Fig. 14. This device is adapted to the standard 
round-bottom AAR type of box and is being used successfully in 
place of conventional packing in locomotive-tender, engine-truck, 
and trailer boxes. 

The R.B. lubricator pad is inserted easily or removed with- 
out being necessary to jack up the box or remove the bearing 
and wedge. It is recommended for use in journal boxes of freight- 
car equipment in high-speed service in place of conventional 
packing, as a means of obtaining more efficient and dependable 
lubrication. 

In addition to the designs and materials described, Magnus 
has also developed improved methods of casting, machining, and 
broaching of the standard AAR babbitt-lined freighft-car bearing 
now being used by the railroads. 

One new development is an improved method of casting the 
lining metal. From tests already made, the bond strength be- 
tween lining and brass is increased from 20-40 per cent, as com- 
pared with the standard methods of casting heretofore used. This 
special process is still in the experimental stage, but 
developed on a practical production basis. a ¢ 


it is being 


Discussion 

S. J. Neeps.'! The authors’ comments on the use of the terms 
“friction bearing’? when speaking of the oil-film type, and ‘“anti- 
friction” when referring to ball and roller bearings, are indeed 
timely. All bearings are fundamentally antifriction, since one of 
their functions is to operate with the least friction possible; but 
taken together, the foregoing terms do seem to imply that some 


11 Service Manager, Kingsbury Machine Works, Inc., Philadel- 
phia, Pa. Mem. ASME. 
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inherent friction miracle is to be found in ball and roller bearings. 
However, it is questionable whether many users of bearings are 
misled by this propaganda. Ball and roller bearings have been 
highly developed. They fill many important needs and have be- 
come vital parts of many mechanical structures. The methods 
by which they are produced form an outstanding part of our 
production achievements. It is unfortunate that they have been 
given a name that they cannot hope to live up to. 

The company with which the writer is associated has been 
building thrust and journal bearings of the oil-film type for many 
years. Regarding load-carrying capacity, we generally think of 
the oil-film bearing as beginning where the ball and roller bear- 
ings leave off. This is seen in the many instances where we have 
replaced overloaded ball and roller bearings with oil-film bearings. 
As far as bearing life is concerned there is no room for comparison. 
A properly designed and lubricated oil-film bearing suffers no 
wear except at the moments of starting and stopping, hence will 
last practically forever. It is generally recognized, however, that 
ball and roller bearings, even though lubricated and cared for 
properly, are limited by an uncertain span of life. 

There are instances where the two types are not in competition 
and fall into well-defined fields. For example it is almost certain 
that a majority of our automobiles would be stalled along the 
roads if sleeve bearings were substituted for roller bearings in the 
wheels without some complicated, and doubtless expensive, oiling 
system to insure their lubrication, The same crippled condition 
of the automobiles probably would also follow from substituting 
ball or roller bearings for oil-film bearings on motor crankshafts. 

Both oil-film and ball and roller bearings have their inherent 
advantages. The latter have the definite advantage of holding a 
shaft in approximately the same relative position whether running 
ornot. A pivoted-pad oil-film journal bearing will accomplish the 
same result, but that is not possible with a complete cylindrical 
bearing which must have running clearance. It may be that ball 
and roller types more properly could be called ‘“anticlearance”’ 
bearings rather than antifriction bearings. 

It is noteworthy that much theoretical treatment and many 
test results are to be found in the literature regarding friction in 
oil-film bearings. Similar data on ball and roller bearings are 
very few indeed and these fail to substantiate the term anti- 
friction. In 1945 the writer published a paper,'? in which an 
attempt was made to analyze friction in railway-car journal 
bearings of the oil-film type. Some tests were run later with 
roller bearings under similar conditions. These studies were 
sponsored by the Association of American Railroads. If the data 

-on roller bearings were also published, they might throw some 
light on the relative frictions of the two types, and the quantita- 
tive value of the term antifriction could then be established for 
railway-car roller bearings. 


AurHors’ Closure \ \ 


To whatever extent or particular the operation of the conven- 
tional solid-type journal-box assembly per se may be factually 
deficient in meeting present-day requirements, it is evident 
that: 


1 Economic improvement does not lie in replacement or sub- 
stitution of the unit as a whole. 

2 Improvement does lie in the proper evaluation of the na- 
ture, cause, and extent of presumed deficiencies. 

3 With such factual evaluation »vailable, the testing and 
selection of materials, practices, and designs of the elements 
of the journal-box assembly already developed will lead to the 


most dependable and economic operation. 


12 “Tests of Oil-Film Journal Bearings for Railroad Cars,” by 8S. J. 
Needs, Trans. ASME, vol. 68, 1946, pp. 337-353. 
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This paper presents an account of an extended sys- 
tematic investigation which resulted in the development 
of a method for burning bituminous coals in nonme- 
chanical hand-fired heaters or stoves with substantially 
smokeless operation. The research was sponsored by 
Bituminous Coal Research, Inc., and a group of stove 
manufacturers. An experimental investigation of the 
three principles of combustion in fuel beds led to the 
adoption of the cross-feed principle. The design of a spe- 
cial grate and the research to prevent puffing, a difficulty 
often encountered with magazine heaters, are described. 
The principles of a calorimeter room in which the output 
of a space heater can be directly measured are presented. 
Data given show the thermal efficiency of a manufacturer’s 
model of the heater, which had an output of 41,000 Btu 
per hr, to be 65 per cent. 


HE United States leads the world in the number and pro- 

portion of residences that are heated from a central plant, 

and a high percentage of these use automatic firing of coal, 
oil, or gas. However, the Census of 1940 showed that 16,- 
000,000, or about 47 per cent of the dwelling units of the country 
were beirig heated by some type of stove. Some 40 per cent of 
these dwellings use coal as a fuel. Because many dwellings use 
more than one stove, it can be estimated that there are probably 
about 8,000,000 coal-burning stoves in the United States today 
and several hundred thousand are sold each year. Estimates 
have been made that 25 to 30 million tons of coal are used an- 
nually in stoves. 

Because these stoves operate on the simple surface-burning 
principle and because they are usually connected to low chim- 
neys, the charge that stoves are important contributors to the 
smoke problem of cities where bituminous coal is used is probably 
not without some justification. 

As a part of its program to develop improved equipment for the 
utilization of bituminous coal, Bituminous Coal Research, Inc. 
(BCR), the research agency of the bituminous-coal industry, 
initiated at Battelle late in 1940 a research project aimed at the 
development of stoves that would burn bituminous coal without 
the emission of objectionable smoke. In July, 1941, a group 
of manufacturers of stoves joined BCR in support of the pro- 
gram. 

This paper presents an account of the steps that were followed 
in the investigation which has now culminated in the design of 
smokeless stoves which are in commercial production and are 
being sold and used. The design principles developed are ap- 
plicable also to warm-air furnaces and residential boilers, and are 
now in process of being applied to these types of equipment. 


1 Supervisor, Fuels Research, Battelle Memorial Institute. Mem. 
ASME. 

? Assistant Director, Battelle Memorial Institute. Mem. ASME. 

Contributed by the Fuels Division and presented at the Annual 
Meeting, New York, N. Y., November 28—December 3, 1948, of Tue 
AMERICAN Society or MECHANICAL ENGINEERS. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 48—A-119. 
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GENERAL PRINCIPLES OF ComBUSTION oF BrruMINoUS 


As do all other natural solid fuels, and some processed ones, 
bituminous coals, when heated, release gaseous products com- 
posed of water vapor, hydrocarbons, hydrogen, and sometimes 
earbon monoxide, and carbon dioxide. The weight of these 
products is approximately directly related to the volatile-matter 
content of the coal. Following the process of distillation or 
devolatilization of the coal, there still remains an appreciable por- 
tion of the fixed carbon to burn. Hence, the complete burning 
of bitumious coals involves, usually in two steps, the burning of 
gases and the burning of solids. 

When bituminous coal is burned in pulverized form, the single 
process of mixing air with coal particles is effective in carrying 
out the burning requirements of both gases and solids. However, 
when the coal is burned in fuel beds other than exceptionally thin 
overfeed beds, two distinct processes are needed to burn satis- 
factorily the two fuel forms. One, of course, simply involves 
passing air through the fuel bed to burn the coke; the other, re- 
quires (1) that air be mixed thoroughly with the gases, as they are 
released from the portion of the bed where devolatilization takes 
place, and (2) that temperatures be maintained high enough for 
completion of the combustion reactions. Failure to satisfy these 
two requirements results in the formation of smoke. 

If no air is provided for mixing with the gases, and temperatures 
in the furnace are low, smoke consists mainly of a tar fog which is 
condensed hydrocarbons. If air is supplied but mixing is in- 
complete, and furnace temperatures are high enough to cause 
ignition, there will be regions of intense burning wherever oxygen 
is available, and other regions where, because of the absence of 
oxygen, the hydrocarbons simply will be heated by radiation to 
temperatures high enough to cause cracking, with formation of 
carbon or soot which will appear as smoke. Actually, both tar 
and soot may be emitted simultaneously with the gases from dif- 
ferent parts of the furnace. 

In mechanically fired industrial furnaces with good control of 
the air/fuel ratio, streams of gases rich in hydrocarbons may arise 
from certain portions of the fuel bed while other streams of gases, 
in which excess air is present, may arise from other portions, 
The mixing of these two streams may take place rapidly enough 
to avoid smoke formation if mixing arches are provided or if a 
large furnace volume gives time for mixing by diffusion. With 
smaller furnace volumes or higher rates of operation, which de- 
crease time available for diffusion, smoke is of common occurrence 
unless overfire jets are used to establish turbulence where strati- 
fication otherwise would prevail. Even overfire jets, however, 
may not be completely effective if furnace volumes are too small 
or control of the air/fuel ratio is lost as a result of large inter- 
mittent firings. 

Smoke emission from hand-fired heating equipment results 
from causes similar to those described, with considerable exag- 
geration of some of them, particularly in regard to the reiatively 
large intermittent firings that are made, as is necessitated by the 
impracticality of frequent attention, and in regard to the low 
furnace temperatures usually maintained, which are unfavorable 
for ignition of the mixture but which are required to prevent 
overheating. The palliative of overfire-airjets is not available 
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for this type of equipment because furnace conditions would ren- 
der them ineffective. Elimination of smoke from hand-fired 
heating equipment must depend primarily, therefore, on the selec- 
tion and application of such combustion principles that will be 
effective purely as a result of design arrangements. The diffi- 
culties associated with following such a course have long been 
considered as affording little chance of success. 


STAGES OF INVESTIGATION 


The stages followed in the investigation were as follows: 


1 A test survey of all those commercially available heaters, 
for which differences could be recognized in the principles used 
for combustion, in order not to overlook any promising feature of 
design. This period was also of value in the development of 
methods of test, including the use of a light-sensitive smoke 
meter, to insure reproducibility of results and the drawing of © 
assured conclusions. 

2 The selection of the cross-feed principle of-burning, so dis- — 
posed that the fuel moved downward from a magazine toward a | 
horizontal grate above which cross-feed air and gases moved hori-_ 
zontally across the bed, and the addition of an arch of special | 
construction to provide for the intimate mixing of secondary air — 
with the gases escaping from the bed for complete combustion. 

3 The introduction of air above the fuel fired in the magazine - 
in order to alter the caking properties of the fuel and convert _ 
strongly caking coals to a free-burning form for gravity feeding | 
to the “hearth” or cross-feed burning portion of the bed. 

4 The development of special grates to insure horizontal flow 
of air above them, without danger of short-circuiting through the 
ashpit, and to provide a dumping arrangement to dispose of 
larger pieces of ash, especially laminated material. 

5 The translation from the laboratory type of construction to 
a commercial design. 

6 
the output of heaters and to make possible the evaluation of the 


The development of a calorimeter room to measure directly 


various heat losses including the saving in fuelfrom smokeelimi- jap 


nation. 


Resutts or Test SURVEY 


Method of Test. The method of test used in making the sur- 
vey, Which remained essentially unchanged during the course of 
the investigation, consisted in placing the heater or stove on scales 
to observe the rate of weight loss during the burning, and pro- 
viding flexible connections to the points where drafts were meas- 
ured, temperatures taken by means of thermocouples, and gas 
Imposed 
conditions to evaluate performance and to permit duplication of 
tests, to insure reproducibility of results, were either (1) to main- 
tain constant flue-gas temperature, at some preassigned value, or 
(2) to maintain constant applied draft, again at some preassigned 
value. The first type of operation is valuable to show the fre- 
quency and type of attention required to maintain approximately 
constant output; the second type of operation serves to relate 
burning rate and output to applied draft to ascertain whether 
the burning process is under control. Both types of test were 
usually required for complete evaluation of the heaters. : 

Heaters Tested. Figs. 1 to 6, inclusive, show in diagrammatic 
form the burning principles of heaters on which tests were con- 
ducted during the survey stage preceding the development of the 
smokeless stove. In these diagrams the diagonally hatched 
areas represent solid fuel, whether freshly fired or at various de- 
grees of devolatilization, except for Fig. 5 where the rectangular 
hatching represents freshly fired coal. Comments which follow 


samples obtained by means of water-cooled samplers. 


refer to the performance of these heaters when burning bituminous 
coal. 
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Fig. 1 represents the conventional “‘surface-fired” heater with 
primary air admitted through the grates, and secondary air ad- 
mitted either through the firing-door slots or through a “down- 

blast”” pipe. This type of heater produces abundant smoke, 
beesuse of poor mixing with secondary air, or low temperatures 
during devolatilization, or both; the period between attentions 
is short, but the average CO, is acceptable and draft requirements _ 


are well within the capacity of a small chimney. 
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Fie. 2) “Macazine-Tyre” Heater Wits Deer Fire Por 
Fig. 2 represents a version of the so-called magazine-type 
heater having a deep fire pot, primary air passing through the . 
grates and gases leaving the fuel bed at various heights through 
side channels or ducts, or at the top of the bed, the type of flow ; te 
depending on the extent of eaking in the fuel bed. The devola- L vi 
tilization of the charge is more rapid in this type of heater so that. Pp 
the smoking period, because of poor mixing with secondary air at ° . 
low temperatures, is more intense although of relatively shorter ‘ SI 
duration than in the conventional heater, in view of the larger ‘ fr 
firing possible. The period between attentions is long, = w 
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average CO; is acceptable, but the draft requirements are so low 
that the rate of burning may easily become excessive and control 
of heat output may be lost. 

Fig. 3 represents a downdraft heater with part of the air 
supply passing through a rear slot to burn the gases at the outlet 
which is small in comparison with the size of heater. Because 
high temperatures are not maintained at the throat, owing to 
excessive air flow in comparison to the flow through the bed, 
smoke from this heater is abundant, rates of burning are low, and 
draft requirements high unless frequent poking is done to break 
the cake and prevent short-circuiting of primary air to the 
slot. : 
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PRIMARY 
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Fic. 4 Dvuat-Sive Heater 


Fig. 4 represents a dual-side heater in which devolatilization 
takes place, because of lateral heating, in the fuel magazine; the 
volatile gases escape at the top and are allowed to mix with 
primary air which serves also as secondary air when passing 
through the edges of the bed. Because of poor mixing, abundant 
smoke is produced, rates of burning are low, with low COs, unless 
frequent poking replenishes the fuel supply at the two sides, 
which also tend to burn at uneven rates. 


DEVELOPMENT OF A DESIGN OF SMOKELESS STOVE FOR BITUMINOUS COAL ii 


Fig. 5 represents a divided heater with a half-circular lid which 
is pivoted on the partition. As the fuel in one half burns, the 
fuel in the other half devolatilizes by heat transfer, the gaseous 
products leaving through a hole in the partition to pass into the 
burning side; after refiring, the lid is rotated over the freshly 
fired side. Nearly smokeless operation can be obtained, with 
acceptable average CO, and low-draft requirements, if the heater 
is as small as a 14-in-diam cylinder. With a further increase in 
diameter, heat transfer is not high enough to devolatilize all of the 
fresh fuel during the burning of the residual fuel, and with in- 
crease in diameter of heater, progressively more abundant smoke 
is produced after rotation of the lid. 

Fig. 6 represents a type of cross-feed unit in which air is ad- 
mitted at two levels, at the side (1) at the lower level, to burn the : 
residual coke, and (2) at the upper level, to act as secondary air 
for mixing with the guses leaving the bed. Air is admitted also at 
the top of the magazine to alter the caking properties of the fuel 
in the magazine. Because of the unequal flow of the lower air, 
owing to its tendency to make a short curvature bend immediately 
after entering the heater, and thus escape contact with the fuel, 
the rate of burning can be maintained only by frequent poking to 
fill cavities formed, and smoke is produced in objectionable 


PRIMARY AIR 


Fic. 5 Divinep Heater Pivorep Lip 


AiR 
| PRIMARY AIR- 


x 
K x x 


Fie. 6 Sive-Feeo Heater 


at 
| 


quantity because of poor mixing of the secondary air with the 
gases for the same reason. With frequent poking, average CO, 
is acceptable and the draft required is low. 

Discussion of Results of Survey. Consideration of the results 
obtained during the survey led to a number of conclusions. One 
of these was that if the products of combustion, as they emerge 
from the fuel bed, contain smoke-forming constituents, the, 
casual introduction of secondary air into the combustion space , 
will not eliminate smoke. This results from’ the stratification of 
the gas and air streams, owing to their low velocities, at all rates 
of operation, in addition to the impossibility of attainment of 
temperatures high enough for ignition at the lower rates. Hence, 
& positive means of insuring mixing of yases with air in a region of 
high temperature, at all rates of burning, was indicated as a req- 
uisite for smoke elimination. This conclusion made it appear 
that a bed fired from above with air admitted through the grates 
was not a promising principle for the smokeless heater. 

Another conclusion was that burning by means of admission of 
air at the top of the charge, as attempted in the heater shown in 
Fig. 3, could not be depended upon to prevent caking of bitumi- 
nous coals rapidly enough to maintain sir flow at the higher burn- 
ing rates, and hence offered little promise. 

By elimination, therefore, only the cross-feed principle re- 
-mained as one upon which further investigation appeared to be 
warranted. None of the heaters tested in the survey could be 
considered as embodying true cross-feed burning; however, to the 
extent that the heater show n in Fig. 6 represented an attempt at 
cross-feed burning, to the same extent it could be concluded that 
this type of burning was not one which would give smokeless 
burning purely by virtue of the relative directions of flow of air 
fuel. 


Basts FOR SELECTION oF Cross-FEED PRINCIPLE 
FOR SMOKELEss HEATER 


Although the cross-feed bed is used to advantage in so-called 
“underfeed-stoker’’” beds, yet, for this type of application, 
mechanical action is required to move the fuel from the retorts 
laterally across the tuyéres. Thus, if cross-feed burning were to be 
used in heaters, in the absence of mechanical means of feeding, the 
motion of the fuel relative to the air stream could only be so 
directed as to result in a downward flow under the action of 
gravity, the air movement being at right angles, or in a horizontal 
direction. This arrangement provided for the following Uistinct 
advantages: 


1 Horizontal flow of the gaseous products of combustion 
across the bed would require the use of a vertical arch descending 
toa level adjacent to the grate to confine the bed while permitting 
the outflow of gases under the edge of the structure. Admission 
of secondary air in this region was indicated because the gases 
would be at their maximum temperature at all times to favor sus- 
tained ignition. ° 

2 Generation of heat over the entire volume of hearth subject 
to cross-feed burning would favor transfer of heat through the 
upper boundary of the hearth for devolatilization of the fresh 
fuel fired in the magazine space above, and thus insure eventual 
minimum release of hydrocarbons during the cross-feed burning. 

3 Constancy in the thickness of bed between the arch and the 
opposite wall would favor sustained combustion efficiency during 
the burning cycle. 


In carrying out the development of a smokeless stove using the 
cross-feed principle of burning, there were two main stages, 
mi umely (1) stoves that required poking to bring the caked fuel 
down from the magazine into the hearth, and*(2) stoves for which 

the necessity to poke was eliminated by providing oxidizing con- 
aoe during devolatilization to prevent caking. 
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First StaGe IN DEVELOPMENT OF SMOKELESS STOVE 

Fig. 7 is a diagrammatic view of the heater that was built to 
test in a preliminary way whether the advantages described would 
accrue from cross-feed burning. All of the primary air was ad- 
mitted through louvers set in a wall opening opposite to the arch. 
Secondary air was admitted at the bottom of the passage under 
the arch through similar louvers, and a combustion chamber was 
provided on the other side of the arch to give time for the com- 
pletion of the reactions. Results showed that, as compared with 
smoke emission from conventional heaters, much improvement 
had been obtained; however, observation showed that the 
stream of products of combustion, usually containing combustible 
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gases, passed closely under the bottom of the arch as they left the 
fuel bed and did not mix well with the stream of secondary air 
coming from below, and that the stratification thus set up did not 
disappear in the combustion chamber. 

Fig. 8 shows the next design in which provision was made for 
the admission of secondary air through a flattened metal pipe, 
approximately 3 in. wide, set above a 7-in. refractory-lined duct 
serving as gas outlet. A 1-in. pipe vent was also provided to re- 
lieve the gas pressure that otherwise would build up at the top of 
the magazine owing to the formation of a hard and impervious 
layer of coke at the lower boundary of the fresh charge. The vent 
was so disposed as to make the gases mix with primary air before 
passage through the fuel bed. 

Results were immediately so promising from the point of view 
of smoke elimination that there was no doubt that the proper 
method of introduction of secondary air had been provided to give 
complete mixing of air and gases as both streams moved along the 
bottom of the arch, that is, the top of the gas outlet or throat. 
The heat-exchanger section, attached to the outlet, no longer 
served as combustion chamber, but solely to dissipate heat. In 
the form sketched in Fig. 8, the heater could be placed in one 
room, adjacently to a wall, and the heat exchanger placed in the 
adjoining room, the connection outlet passing through a hole in 
the wall. Operation of the beater disclosed, however, that the 
rate of burning was definitely limited to low values under the 
maximum allowable draft; it was reasoned that the restricted 
outlet limited the flow of air to a small cross section of the bed in 
addition to offering rather high resistance to the flow of gases. 

Fig. 9 represents the next important development. For this 
heater, a generally rectangular construction was adopted to 
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provide a combustion-gas outlet as wide as the heater, and the 
heat exchanger was, so to speak, Wrapped around the side and top 
of the heater for compactness. Secondary air, introduced through 
the ends of a refractory arch, was admitted above the gas pas- 
sage, but the error was made of admitting the air through eight 
3/-in. holes spaced about 2 in. apart, whereas in the heater of Fig. 
8 the secondary-air slot had extended continuously over the gas 
outlet. It was found that smoke was not completely eliminated, 
and it was verified that lateral stratification of streams of gases 
occurred, owing to lack of side mixing with air. An investigation 
was carried out whereby the individual holes were first replaced 
by four 4-in. divided slots having 1-in. closed spacing between 
them, and then by a continuous slot extending over the entire 
length of arch. 

Table 1 summarizes average results obtained from four succes- 
sive tests under each of the conditions listed. The advantage of 
replacing individual holes by a continuous slot, to prevent lateral 
stratification, is shown by the decrease obtained in recorded 
durations of smoke, indicated by the inclusive minutes above 
each of the conventional Ringelmann numbers. The average per- 
centage of carbon dioxide obtained in these tests was also of in- 
terest in showing that, by standards of low-duty, hand-fired heat- 
ing equipment, acceptable and rather constant combustion 
efficiency was being obtained with decrease in smoke. 

In this connection, tests made with the four 4-in-slot arrange- 
ment had shown a distinct relation between the area of opening 
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TABLE 1 COMPARISON OF RESULTS OF SMOKE EMISSION 

FROM USE OF HOLES, OF DIVIDED SLOTS, AND OF A CONTINU- 

OUS SLOT IN SECONDARY-AIR ARCH.’ AVERAG E RASULTS 
FROM FOUR TESTS OF HEATER SHOWN IN FIG. 


(Ohio No. 6 coal, size 2 in. X 1 in.) 


Secondary-air openingsinarch... Eight, */«in. Four, 4-in. Continuous 
holes slots 20-in. slot 

Average applied draft, in. water 0.059 0.056 0.960 
Combustible gasified, Ib... . 19.25 19.10 23.75 
Duration, hr...... ‘ 3.5 4.0 4.0 
Combustible gasified, Ib per hr.. 5.5 4.8 6.0 
Average 

deg F. wherkGintk6aue 875 850 880 

Smoke, Sieislitiaks No., minutes (inclusive) in test period 
Above No. 1. .. 26 
Above No. 2... 12 
Above No. 3.. 8 
Average flue-gas composition, per cent _ 

9. 


provided for the admission of secondary air to the interior plenum 
of the arch, the smoke emission, and the excess air. Table 2 
illustrates the relation determined by the average of four tests in 
each series with the stated areas of opening. The table shows 
that with a small area the CO, was high at 13.5 per cent and also 
the smoke emission. With increase in area and, consequently, ' 


TABLE 2, RELATION OF SMOKE EMISSION AND OF AVERAGE 
CO: TO AREA OF SE IN HEATER SHOWN 


(Ohio No. 6 Coal, size 2 in. * 1 in.) 
Area of opening for air, 9q in.. 3.53 5 -30 
Average CO:.... 13. 5 10.0 9 
Smoke, Ringelmann } No., minutes in test period of 4 


Above No. ceasececeses 18 16 
62 5 4 
Above No. 3...... 37 3 2 


increase of secondary air, both CO, and smoke decreased, but the 
reduction in smoke obtained with a CO, content as low as 9.2 
per cent was not so large as that obtained by replacing the partial 
slots by a continuous slot, in further view of the fact that an 
average CO, of 10 per cent was obtained with the latter arrange- 
ment. 

Discussion of Results of First Stage of Development. Although 
the evolution described in the design of the cross-feed heater 
properly could be considered to have solved the problems of 
smoke emission and of compactness of design, yet there re- 
mained the serious difficulty that the heater required poking to 
bring devolatilized fuel into the hearth. To minimize the labor 
of poking, successive heaters had been made smaller, with a firing 
door at the top, to permit more advantageous use of the poker 
in breaking the hard coke layer formed above the hearth section. 
Such small heaters had the disadvantage of a short interval be- 
tween firings, of approximately 4 hr, as shown in Tables 1 and 2, 
and could not be construed as magazine heaters. This was con- 
firmed in field trials of some twenty units of a jacketed heater 
based upon the heater shown in Fig. 9, for which the principal 
complaint was preciseiy the difficulty of poking. Hence, it was 
indicated that means had to be found to prevent caking in the 
magazine if a smokeless heater with true magazine feed was to 
be developed to give users the very tangible advantage of a long 
period between refirings, at rating, in addition to smokeless opera- 
tion. This was the objective of the second stage. 


SeEcoND STAGE IN THE DEVELOPMENT OF THE SMOKELESS STOVE 


One of the simplest ways to prevent the caking of bituminous 
coal is to provide oxidizing conditions around pieces, as tar exudes 
from them while the coal is being heated. Little air is required 
to prevent caking in this manner when the rate of heating is low 
but the reverse is true at higher rates. The application of this 
principle to the smokeless stove appeared promising enough that 
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trials were made in a deep-magazine heater built for this purpose. 
As soon as confirmation had been obtained that caking could be 
prevented, a number of units were built for field tests. 

Fig. 10 is a diagrammatic cross section .of this second field- 
test unit which embodied a means of admission of magazine air, 
under controlled conditions, for self-feeding. The air was ad- 
mitted through an external duct and entered near the top of the 
firing space above the magazine charge. Flow of this air through 
the fresh charge of caking fuel induced upward travel of ignition 
of the tarry substances, against the flow of air. Meanwhile, 
cross-feed burning, in the hearth, maintained heat output and 
provided the heat source from which the upward travel of igni- 
tion could start; thus the time was provided that is required to 
convert the caking coal to the free-burning stage to permit its 
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descent into the hearth. Tuis combination of principles was 
found to correct, in the manner described, for the operating defi- 
ciencies of the heater shown in Fig. 3, which depended entirely 
on downdraft burning to sustain the burning rate. Because of 
air admission to the magazine, the vent formerly used to lead 
fumes from the magazine to the point of entry of cross-feed air 
was no longer required and was not provided in the heater shown 
in Fig. 10, and in other heaters subsequently built. 

Occurrence and Cure of Puffing. At this stage of the develop- 
ment, laboratory and field experience showed that, as a result of 
the admission of air to the magazine, “puffing’’ was introduced 
during operation, particularly following an adjustment in the 
rate of air supply. The puffing was normally inaudible but mani- 
fested itself by the emission of visible smoke puffs at one or more 
of the various air inlets to the heater, the smoke having the char- 
acteristic odor of incompletely burned gases from bituminous 
coal. This occurrence led to a rather long investigation to ob- 
tain a cure; the fact that puffs might appear at any of the air 
openings made it difficult to understand their exact cause. 

Final conclusions reached were that puffing could occur as a 
result of two types of actions, namely, (1) formation of an ignitible 
mixture within the fuel-bed voids, in the vicinity of the secondary- 
air arch, when these voids were large enough to yield appreciable 
kinetic effects upon ignition of the mixture, and (2) formation 
of an ignitible mixture of combustible gases and air in the firing 
space above the magazine charge, followed by ignition of the 
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mixture, as a result of the upward travel of ignition to the top of 
the charge. 

Fig. 11 shows the general design of three heaters used for the 
experimental work on which the first of these conclusions was 
based. _ In these heaters the magazine air was introduced within 
the charge rather than near the top of the firing space as in Fig. 
10. The three heaters were similar in every respect, except that 
the dimension corresponding to the distance from the refractory 
arch to the opposite wall was only 11.75 in., as in the heater 
shown in Fig. 10, for the first heater; for the second heater, this 
dimension was 14.75 in. as in the heater shown in Fig. 11; and in 
the third heater this dimension was 18.25 in. When burning the 
weakly caking [Illinois or Indiana coals in these heaters, under 
steady conditions, no puffing was observed. When burning 
the strongly caking Pittsburgh coal, however, pu‘fs were observed, 
under steady operation, with the first of these heaters, but not 
with the other two having the longer dimensions from arch to 
wall, 

The explanation for this behavior was that the residual-coke 
pieces formed with the more strongly caking coal were much 
larger than those formed with the weakly caking coals; hence 
the void spaces between pieces were also correspondingly larger, 
and appreciable kinetic effects could be developed, in the vicinity 
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of the arch, provided there was enough residual oxygen brought 
into the void spaces to mix with the combustible gases also enter- 
ing into them in their flow downward from the fresh fuel in the 
magazine. Since combustion efficiency would increase, with in- 
crease in the hearth dimension described, and also with decrease 
in size of coke pieces, it was apparent that only in the heater with 
the shortest hearth dimension were the two conditions both ful- 
filled, when burning a caking coal, of large voids and of enough 
residual oxygen to give an explosive mixture. This was con- 
firmed by a flue-gas analysis which gave averages of 9.3 and 9.4 
per cent CO:, over an 8-hr period, for the two larger heaters, but 
only 6.7 per cent CO, for the smallest when burning Pittsburgh 
coal without smoke formation. The net result was that freedom 
from puffing from this cause required that the arch-to-wall di- 
mension be at least 14 in., with little gain in combustion efficiency 


from any further increase in this dimension. — 
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The second process mentioned, in which a mixture of combus- 
tible gases and air could form in the space above the magazine fuel 
is illustrated in Fig. 10 by the arrow, showing the tendency for 
gases to leave the top of the charge in opposition to the downward 
flow of air. That such a process existed was demonstrated by the 
arrangement shown in Fig. 11 whereby the air required to induce 
self-feeding of the coal was introduced within the charge, through 
- @ narrow slot as wide as the heater, at a level some 2 in. below 
the top of the charge. Because little or none of the air passed to 
the space above, no puffing was experienced with this arrangement 
under steady or variable operation. However, a layer of hard 
coke was formed above the level of the air entry, and this layer 
remained in place even after the free-burning fuel below had 
fed down, thus giving a deceptive appraisal of the quantity of 
fuel in the magazine. Raising the level of self-feeding air ad- 
mission to the level of the top of a normal firing was successful 
in avoiding the formation of the coke arch, but reintroduced occa- 
sional puffing following partial closure of the cross-feed air inlet 
to reduce heat output. 

Fig. 12 illustrates how the change in level of air admission was 
carried out and shows also the next change made which was to 
provide a sloping roof in the magazine to halve, approximately, 
the volume available for the mixture and reduce the kinetic effects, 
following ignition. 
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The final arrangement designed to make it practically impos- 
sible for any slight puff to manifest, itself outside of the heater 
was to provide a common plenum duct covering both the maga- 
zine-air and the cross-feed air inlets, and extending enough down- 
wardly so that the duct opening would be approximately at the 


grate level. 


GRATES OF THE SMOKELESS Stove 

Throughout the development of the smokeless stove, a great 

deal of attention had to be devoted to the development of a grate 

design that would (1) insure no short-circuiting of air through the 

ashpit in order to maintain the flow of cross-feed air above the 

grate, and (2) provide a dumping element for disposal of un- 
burned refuse. 

Fig. 13 shows the design of the final type of grate developed. 

The close-fitting fingered portion is intended to offer enough re- 
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sistance to the flow of air to prevent short-circuiting while effec- 
tively serving to shake the bed and remove the fine ash released. 
Unburnable refuse is transferred by the motion of the grate into 
the troughlike end grate, under the vertical gas passage, for 
periodic removal by turning a crank attached to the trunnion 
support and thereby dumping the accumulation. The dump 
grate is counterbalanced to return automatically to a sealing 
position under the frame. A special re-entrant at the wall adja- 
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cent to the first rocking finger grate serves to prevent wedging of 
hard coke against this grate element. 


CHARACTERISTICS OF PRESENT COMMERCIAL SMOKELESS HEATER 


Fig. 14 shows in diagrammatic form the design of one of the 
present commercial smokeless stoves on which the plenum duct 
described earlier is visible. A feature of this design is the replace- 
ment by alloyed metal of the refractory portion of the arch, 
formerly on the fuel-bed side, to give longer life under existing 
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TABLE 3 TYPICAL TEST RESULTS, HEATER BCR-24; CON- 
SECUTIVE FIRING CYCLES 
(Pittsburgh coal, size 2 in. X 1'/4 in.) 

Air openings: 

Magazine, position................ 4 4 

Cross-feed, position. . 1 and t 4 4 4 

se condary, 3/5 1/4 
Average stack draft (natural), i in. ‘water 0. 047 0.054 0.045 0.042 
Weight of fuel ered. 43.5 47.0 43.0 45.0 
Duration of test, 8.00 8.00 8.08 8.16 
Average fuel ib per hr.. 3.94 5.13 4.46 4.04 
Average flue-gas temperature, deg fe 863 876 859 859 

Flue-gas composition, per cent 
9.5 10.9 10.7 10.5 
Co 0.0 0.0 0.0 0.0 
Smoke, Ringelmann No., min (inclusive) in 24 hr 

Above No 3 5b 3 0 0 
36 0 0 0 


@ Smoke data include 8-hr burning test and 16-hr banking period. 
6 Smoke data include start of a new fire. 


stresses. Table 3 summarizes typical test data obtained with 
this heater on a 24-hr firing cycle, 8 hr at rating and 16 under 
bank. The smoke-emission data are for 24’hr; 
the first column include the start of a new fire, which by com- 
parison even with the smoke normally emitted following a re- 
firing, as shown in the other columns, would not be considered 
excessive. 

The user of the smokeless stove regulates the heat output by 
adjustment of the cross-feed air damper only, except when chim- 
ney draft is excessive, when adjustment by means of a turn 
damper in the flue, or a barometric damper, may also be required. 
The magazine-air damper and the secondary-air dampers are 
adjusted by the coal dealer as follows: The magazine-air damper 
is set at the wide-open position for strongly caking coals (all 
Appalachian coals), at the mid-open point for mildly caking coals 
(Midwestern coals), and at the closed position for anthracite, 
coke, or the free-burning subbituminous coals and lignite. The 
secondary-air damper is set at the full opening for high-volatile 
coals, at the mid-opening for low-volatile coals, and at the closed 
position for anthracite and coke. A double-screened coal within 
the size range 3 to 1 in. is best-suited to the heater; smaller sizes 
have been found to give caking difficulty and larger sizes may 
contain impurities difficult to discharge through the dump grate. 
Run-of-mine coal is not recommended. 
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CALORIMETER-Room Tests 


A not inconsiderable part of the investigation for the develop- 
ment of the smokeless stove had to do with the design and con- 
struction of a calorimeter room in which the heat output of 
heaters could be measured directly. Fig. 15 is a cutaway view 
On a simple 


of the structure that was built for this purpose. 


Fig. 15 
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stud-andd-joist framework 12 ft xX 12 ft X 8 ft, were attached 
sheets of #/:-in. rigid fiber insulating board provided with dif- 
ferential thermocouples to indicate the average temperature 
difference between the inside and outside of the wall. Two 
blowers were mounted on the roof to force air in and withdraw 
air through constricted ducts for measurement of both (1) the 
quantity of air flow by means of Pitot tubes, and (2) the tempera- 
ture of the air by means of thermocouple grids. A highly in- 
sulated floor was used. The room was calibrated by use of an 
electric heater, the unknown being the average thermal conduc- 
tivity of the walls and ceiling which was obtained by subtract- 
ing from the known heat input the heat corresponding to the tem- 
perature rise of measured air flow and dividing by the indicated 
average temperature difference between the inside and outside 
wall and ceiling thermocouples. 

Otherwise, the room was provided with all facilities for running 
burning tests of heaters from which heat losses in the dry flue 
gases, in the steam, and in the refuse could be determined di- 
rectly. Knowledge of the heat input from the weight of coal 
burned and of the output as given by the room data thus made it 
possible to evaluate normally unaccountable heat losses due to 
tar and soot in the gases. By such tests it was shown that a con- 
ventional heater, such as shown in Fig. 1, gave a heat loss, due to 
smoke, of the order of 12 per cent of the heat input. By compari- 
son, smokeless heater BCR-2 gave an unaccounted-for loss of 
less than 3 per cent. 

Table 4 summarizes the heat-balance results from a typical 
test run in the calorimeter room on a 12-hr firing cycle with a 
commercial model of the BCR smokeless heater, using Illinois 
No. 6 coai. The rating output obtained of 41,000 Btu per hr 
with an applied draft of 0.05 in. of water and with firings every 
12 hr, was also obtained with Island Creek and with Pittsburgh 
bed coals with this heater. 


TABLE 4 SUMMARY HEAT-BALANCE RESULT, CALORIMETHR 
ROOM TEST OF A COMMERCIAL MODEL OF THE BCR HEATER 
12-HR FIRING PERIOD 


(Illinois No. 6 coal, size 2 in. X 1'/2 in.) 
Measured heat output, Btu per hr: 
Heat gained by room air. 


Heat loss through wall. . 11140 
Rating output of heater (12- 40930 
Heat balance 
Btu/lb Percent 
Heat utilized (efficiency)............. 7649 64 
Losses: 
Dry eas. 2539 21.4 
Unaccounted for............-.-.-- _ 2.9 
Calorific value of fuel................. 11,840 00.0 


For the 5 ft of pipe in the calorimeter room, Table 4 shows that 
2560 Btu per hr corresponding to a 4 per cent gain in efficiency 
was transferred to the room. In a residential installation, addi- 
tional recovery of heat and gain in efficiency may be realized 
from the flue pipe and chimney. However, because this is so 
variable with different installations and is uncontrollable after 
the installation is made, the efficiencies are reported here, as in 
usual practice, only on the output of the heater, including the 
first 20 in. of the metal fiue pipe. 

Under average winter-load conditions, firing would be ex- 
pected to be required about once in 18 to 24 hr, and banking 
periods as long as 72 hr, followed by good pickup, have been 
obtained. 

Fig. 16 is an exterior view of a circulator-type commercial F 
version of the BCR smokeless heater. Fig. 17 is an exterior view 
of a radiant-type commercial version, the performance of which 
is similar to that of the circulator type. 

A smaller-size radiant unit has also been developed and is in 7 
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commercial production. Fig. 18 illustrates this heater which 
has a rated output of 25,000 Btu per hr, under a 12-hr firing pe- 
riod, at an applied draft of 0.040 in. of water. The indicated 
efficiency of this unit is 67 per cent when burning bituminous 
coal, 

Patent applications have been filed in the United States and 
Great Britain and various claims allowed for the developments 
described in this paper. A Canadian patent has been issued. 
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Corrosion-erosion tests at 520 and 385 F indicated that, 
at these temperatures, carbon steel is attacked to a lesser 
extent than at 250 F, whereas the reverse is true of the 
chromium-bearing steels. However, the rate of attack of 
the chromium steels is still only a fraction of that of car- 
bon steels, so that use of the alloy steels for boiler-feed- 
pump parts is warranted at the higher temperatures also. 
Increasing the pH of the feedwater from 7.6 to 8.4 doubled 
the corrosion-erosion attack on carbon steel in the Marys- 
ville boiler feedwater at 250 F, as compared with previous 
tests at the lower pH. Of two bronzes tested, Navy M 
material appeared satisfactory at temperatures up to 320 
F; a leaded bronze was unsatisfactory at all test tempera- 
tures in this program. 


INTRODUCTION 


N a previous paper,‘ the authors dealt With tests made at the 
Marysville plant of The Detroit Edison Company to deter- 
mine the relative resistance of 18 different materials to the 

corrosion-erosion type of attack commonly experienced in boiler 
feed pumps and regulating valves. Feedwater at 250 F was used 
for these tests. Shortly after the paper was presented, plans 
were started for a 200-mw extension to the company’s Trenton 
Channel plant. The plan adopted requires a cycle in which the 
feedwater temperature is 315 F at the boiler feed pumps. _Initi- 
ally, temperatures as high as 425 F were considered. 

In order to obtain corrosion-erosion data for feedwater at the 
higher temperatures commonly found in newer power plants, a 
second test program was conducted at the Marysville plant. 
Temperatures of approximately 320 F and 385 F were chosen for 
the tests because they were within the range that was considered 
for the Trenton Channel and Connors Creek plant extensions, and 
because feedwater at those temperatures was available from the 
7th and 4th stage heaters, respectively, of No. 7 turbogenerator. 
Since feedwater at 250 F from the boiler-feed-pump discharge of 
this same turbogenerator had been used in the earlier tests, the 
tests at higher temperatures should therefore evaluate the effect 
of the higher temperatures rather than some other variable. 

Early in the test program it was noted that when the evapora- 
tor was taken from service, the pH of the feedwater increased 
from an average of about 7.3 to 8.3. Advantage was taken of 
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this situation to determine in one series of tests the influence of 
pH in this range on the corrosion-erosion resistance of cast carbon 
steel. Included in this series of tests was one specimen each of 
1.25 per cent chromium, 0.5 per cent molybdenum steel and 
leaded bronze. 

The purpose of this paper is to present (1) the results obtained 
in the second test program; and (2) a comparison of the informa- 


tion thus obtained with corresponding data from the original 
tests. 


MATERIALS TESTED 


Nine different materials were tested. The materials, with their 
chemical compositions and physical properties, are listed in Table 

Six of the materials: Navy M (a bronze); 5 per cent Cr, 0.5 per 
cent Mo; 12 percent Cr; 18 per cent Cr, 8 per cent Ni; Cr-Ni-Mo; 
and carbon steel, had been tested earlier at 250 F. With the 
exception of the carbon steel, which was used for control speci- 
mens, all of these materials had shown good corrosion-erosion 
resistance. They were selected, therefore, for testing at the 
higher temperatures. The other three materials were selected 
for the following reasons: 


1 Leaded bisnze had been suggested by a pump manufac- 
turer for wearing-ring material in boiler feed pumps for the Tren- 
ton Channel plant extension. 

2 An alloy steel containing 1.25 per cent chromium, 0.5 per 
cent molybdenum is being used frequently for high-temperature 
steam lines, and, if found to have good corrosion-erosion resist- 
ance, could be used advantageously for boiler-feedwater service 
because it is readily available. Previous tests also had indicated 
that steels of low chromium content would be satisfactory. 

3 Chromium plating was included because it might be useful 
for protecting existing cast-carbon-steel equipment from attack, 
if it possessed the corrosion-erosion resistance common to iron- 
chromium alloys. 


Four specimens of cast carbon steel were used in the test to 
determine the effect of increased pH on the corrosion-erosion 
rate. Cast carbon steel was chosen because any effect which 
changing the pH might have would be more readily observed on 
cast carbon steel than on the materials possessing greater corro- 
sion-erosion resistance. This test was made at 250 F, as more 
data for comparative purposes were available for that test 
temperature than for other temperatures. 

Specimens of 1.25 per cent chromium, 0.5 per cent molybdenum 
steel and of leaded bronze were included with the four cast-car- 
bon-steel specimens because no tests of these materials had been 
made previously at 250 F. 


Descriprion oF Test 


The test method and equipment used for determining the 
corrosion-erosion resistance of the metals have been described in 
detail in the earlier paper‘ on this subject. Briefly it consists in 
exposing specimens of the material to be tested to the action of 
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= high-velocity turbulent feedwater under conditions similar to 
Sie exeagr 2 2 those encountered in boiler feed pumps and regulating valves. 
 & oS ee “ The two parts of a test specimen with the mating faces upward 
are shown in.Fig. 1. 
—- During test, a weighed specimen is held in a corrosion-erosion 
Des 2 88 3 o e tester as shown in Fig. 2. For 500 hr a differential pressure of 
sss : € 300 psi is maintained across the specimen. This pressure forces 
* | feedwater through the center hole in the bottom part of the speci- 
2 A men to impinge on the plain face of the top part, causing the 
cre , =, flow of feedwater to change direction and leave the specimen at a 
so] wow wn ao wo va velocity of about 200 fps through the slot openings in the lower 
S8 part of the specimen. 
a At the end of the 500-hr period, the specimen is cleaned, 
, a reweighed, and the loss in weight calculated. 
3 8 8 3 
ce al - - - - - 
| 
Tee 
=> = 
= 
5 Fig. 1) Typrcat Corroston-Ergsian Test Specimen Berore Test 
& 
§ | = 
= 
3 ¢ &8e@ 
g 
ay 
Z ° 3 
x 
Oo 4 ™Woter Exit 
| 3a 8 3 Plain Half of Specimen 
aa *i a —powe! Pin 
— 9 —-—Retaining Ring 
5 8 Retaining Ring 
3522 
< oc O a ° a 
| & 8 / / 
. 
. = 2 = = 
» 1 & a & Fig. 2 Sectrionat View, Corrosion- 
£ ‘ PROCEDURE AND RESULTS © 
At Marysville, six specimens were tested simultaneously. The 
he 3 2 six corrosion-erosion testers, pressure-measuring equipment, and 
Si ¢ pressure-regul: iting valves used are shown in Fig. 3. 
£16 Ba 2S Six series of 500-hr tests (tests No. tol 3, inclusive) were con- 
a 3 ducted in this program. As in previous tests, continuous records 
a z of pH, specific conductance, and dissolved oxygen concentration, 
w N = e . . . 
< by spot tests made with indicating instruments to check the 
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. TABLE 2 BOILER FEEDWATER PRESSURE DIFFERENTIALS, TEMPERATURES, TEST RESULTS, AND WEIGHT LOSSES OF 

Pressure Water Average Dissolved Total Weight 
Differential, Temp. Avg. Conductivity, Oxygen, Loss, 500 Hr, 

‘Test No, Specimen & No. a psi F pH _ Micromhos ppm Grams 


7.5 0.43 0.008 0.6822 


“Zc 0.0427 
12% cr SA 0.0447 
18-8 SA 0.0230 
Navy M 135A 0.0265 
Leaded bronze 19 0.2490 
Carbon steel 168A 3.46735 

cr 20A 0.0641 

12% Cr 3B 0.0406 
18-8 5B 0.0348 
Navy M 13B 0.0473 
Leaded bronze 19A 0.2878 
Carbon steel 18B 0.3915 
5% Cr 20B 0.0557 
12% 3c 0.0606 
Navy M 13¢ 0.2304 
Leaded bronze 19B 0.4699 
1-1/4 Cr--1/2 Mo 21a ° 0.0770 
Carbon steel 18C 300.1 1.3638 
Cr 20C 0.0614 
12% Cr 3D 0.0953 
18-8 5¢ 0.0208 


Navy M 13D 

1-1/4 Cr--1/2 Mo 21B 

Carbon steel 18D 299.9 388 7.5 
Cr-Ni-Mo 9A 


1-1/4 Cr--1/2 Mo 21¢ i) 
18-8 5D 
Navy 


13E 
Cr Plated C steel 1F 
. 


Carbon steel, 1G 297.8 255 8.4 
1H 
18E 


1-1/4 Cr--1/2 Mo, 21A 
Leaded bronze, 19C 


* Loss corresponding to 447-hour test. 

** Loss corresponding to 439-hour test. 

In Table 2 the specimens are identified and averages of pres- each material are grouped together to show readily the effect of 

sure differential, temperature, pH, specific conductance, and dis- temperature on the corrosion-erosion rate of the various metals 
solved oxygen concentration, and specimen weight losses are _ tested. 


given for each test. Weight losses are shown graphically in Figs. The weight losses obtained for cast carbon steel at 250 F are 
5 and 6, along with data obtained in earlier tests at 250 F. * plotted in Fig. 6 to show the effect of the pH on the corrosion- 


In Fig. 5 the weight losses obtained at 250, 320, and 385 F for — erosion rate. 
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AVERAGE pH OF FEEDWATER 


Fie. 6 Resutts or 500-Hr Corrosion-Erosion Tests or Cast- 
CaRBON-STEEL SPECIMENS AT VARIOUS pH VaLuEs 
(Temperature 250 F, pressure differential 300 psi.) 
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Discusston or REesuLTs 

In general, test results indicate that cast carbon steel is more 
resistant to corrosion-erosion attack at high temperatures than at 
low (See Table 2 and Fig. 5). At 388 F, for example, the loss in 
weight (0.1978 g) is less than '/;) that of the average (2.2582 g) 
of six specimens at 250 F. An exception to this generalization 
was observed, however. At 318 F, Specimen 18A (test No. 9) 
was attacked so extensively that the 300-psi differential across 
the specimen could not be maintained after 447 hr of test. A 
careful analysis of test and water conditions revealed no varia- 
tions that would account for the accelerated attack. Specimen 
18C, which was made from the same bar, lost much less weight 
under similar conditions. Microscopic examination of the metal 
structure of the two specimens revealed no significant differences 
that would account for the variation in weight losses. There 
may have been some slight variations in specimen dimensions or 
surface finish, although it is difficult on this basis to account for 
the great difference in attack. 

The’ indication that cast carbon steel has higher corrosion- 
erosion resistance at 385 F than at 250 F is substantiated to some 
extent by actual experience at Marysville. Recently a check 
valve at the discharge of No. 7 boiler feed pump, where the feed- 
water temperature is 250 F, was found to be badly damaged. An 
identical valve located in the same line at the discharge of the 
4th-stage heater, where the temperature is 385 F, however, showed 
little attack after the same number of service hours. 

Inasmuch as water is more highly ionized at 320 F and 385 F 
than at 250 F (see Fig. 7), it would seem likely that metals 
would be more rapidly attacked at the higher temperatures. In 
the case of cast carbon steel, however, it seems that a more 
tenacious oxide coating forms on the surface of the metal at the 
high temperatures than at the low ones, and actually causes a 
reduction in rate of attack. 
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Fic. 7 CHance or Hyprocen-Ion Concentration With Tem- 
PERATURE IN Pure WATER 
(From ‘Properties of Ordinary Water Substance,"’ by N. E. Dorsey, Rein- 


hold Publishing Corporation, New York, N. Y., 1940, Table 182, pave 378.) 

During the series of tests that composed this study, it was 
observed that the color of the coating on the specimens depended 
on the temperature at which they were tested. At 320 and 385 
F the coatings were black, indicating them to be magnetic iron 
oxide, and at 250 F they were red, indicating ferric oxide. The 
black coatings were more tenaciously bonded to the specimens 
and were more difficult to remove than the red coatings. 

In all cases the chromium-bearing steels were much more cor- 
rosion-erosion resistant than the carbon steel. As would be ex- 
pected, the 18 per cent chromium-8 per cent nickel had the 
highest resistance. At 250 F the corrosion-erosion resistances of 
the chromium-bearing steels were roughly proportional to their 
chromium contents. At the higher temperatures, the relative 
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advantage of the high-chromium alloys was greatly reduced. 
For example, at 385 F the corrosion-erosion resistances of the 
Cr-Ni-Mo steel containing 0.79 per cent chromium, and of 
the 1.25 per cent chromium, 0.5 per cent molybdenum steel were 


about equal to that of 5 per cent and 12 per cent chromium steels.” 


The test results indicate that Navy M bronze should be satis- 
factory for service in feed pumps operating at temperatures up 
to 320 F. Two of three tests indicated that the rate of attack 
would be too high at 385 F for satisfactory service, the rate being 
about 10 times that found at 250 F. The rate of attack in the 
third test at 385 F was abnormally low, so much so that it was 
disregarded in evaluating this metal. 

Test results obtained for leaded bronze indicated that it is not 
well suited for corrosion-erosion service at temperatures from 250 
to 400 F. Experience with a coil-drains pump on an evaporator 
at the Trenton Channel plant corroborates these results. After 
operating for 6-months at approximately 400 F, the leaded-bronze 
wearing rings in the pump were badly damaged and had to be 
renewed, whereas other parts of the pump made of 12 per cent 
chromium steel were only slightly attacked. 

Since even a small amount of chromium imparted a pronounced 
resistance to corrosion-erosion attack, it seemed that a thin chro- 
mium plate on the interior surface of carbon-steel pump casings 
might provide excellent protection for pumps already in service. 
It was determined that pumps could be plated at a reasonable 
cost. However, results of a test at 388 F of a chromium-plated 
(0.001-in. plate directly on steel*), cast carbon-steel specimen 
showed that the chromium plating was porous or cracked, which 
allowed the unprotected base metal to be attacked. The weight 
loss given for the specimen (see Table 2, test No. 12) is much too 
high as it includes part of the chromium plating which was 
stripped from the specimen during the cleaning treatment that 
preceded weighing. The view of the specimen, Fig. 8, shows that 
the chromium plating had broken down in spots and that the 
base metal had been attacked. 


Fic. 8 Test Specimen No. Cast Carson 
500-Hr Test at 388 F 


The results of the tests of cast carbon-steel specimens indicate 
that at 250 F the rate of corrosion-erosion-attack increases with 
pH between 7.6 and 8.4, the rate at 8.4 being about double that 
at 7.6 (see Fig. 6). This is contrary to what is usually expected. 
However, in a different type of corrosion-erosion test, conducted 
at Ohio State University on similar material, using distilled water 
at 122 F, the rate at pH 8 was about 10 times that at pH 6, (see 
Fig. 9). 
Marysville, although no direct comparison is justified because of 
differences in test conditions. However, it is indicated that in- 


These data tend to substantiate results obtained at 


§ Chrome-plating directly on the steel instead of on an intermediate 


plate of copper and nickel was recommended by the plater as a supe- 
rior wear-resistant coating. 
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Fic. 9 Errecr or pH on Corrosion-ERosion OF STEEL 
(W. A. Luce, Engineering Experiment Station News, Ohio State University 
vol, 19, no. 5, pages 29-32.) 


creases in feedwater pH for the purpose of reducing corrosion- 
erosion attack should be made with caution. " 

The attack on the 1.25 per cent chromium, 0.5 per cent molyb- 
denum-steel specimen at 250 F and pH 8.4 (test No. 13, Table 2) 
was about twice that measured in the other tests at higher tem- 
perature and lower pH (test Nos. 10 and 11, Table 2). No direct 
comparison to show the effect of pH on this alloy could be made, 
however, as no tests had been made at 250 F and the lower pH. 
Although it seems that the higher pH had little effect on the cor- 
rosion-erosion resistance of the leaded bronze, here again com- 
parable data were not available. 

It was noted at the end of the test at 250 F and pH 8.4 (test 
No. 13), that the specimens were exceptionally clean. There 
was very little, if any, of the red iron oxide which formed heavy 
coatings on the specimens during earlier tests at 250 F and lower 
pH. This seemed to indicate that the higher pH retarded the 
formation of protective oxide films on the specimens, thereby 
promoting metal wastage. 


CONCLUSIONS 


The rate of corrosion-erosion attack on carbon steel decreased 
with increase in temperature of Marysville feedwater, whereas 
There is 
some indication that attack of the chromium alloys is greatest at 
some point between 250 and 385 F. At all temperatures at 
which tests were made, the chromium alloys were much more resist- 
ant to corrosion-erosion attack than cast carbon steel, and there- 
fore they are considered to be satisfactory for service in boiler 
feed pumps and regulating valves up to 400 F in all Detroit Edi- 
son plants where the feedwater has similar characteristics. 

The 1.25 per cent chromium, 0.5 per cent molybdenum steel 
and the Cr-Ni-Mo steel were not attacked to a significantly 
greater extent than the 5 and 12 per cent chromium steels at the 
higher temperatures. Because of greater weldability and lower 
cost, it appears that the low-chromium alloys might be used ad- 
vantageously in feedwaters having similar or less corrosive 
characteristics. 

Leaded bronze is not a good material for use at 250 to 400 F 
under conditions where corrosion-erosion attack can be expected. 
Navy M bronze is satisfactory at temperatures up to about 320 F. 


the rate of attack increased for chromium-iron alloys. 
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Chromium plating as a means of protecting existing carbon- 
steel pump casings is not satisfactory. 

As in the previous tests,‘ the authors have not been able to 
deduce the underlying causes for corrosion-erosion attack, nor to 
determine which of the many variables is the most important. 
Increasing the pH of feedwater at Marysville from about 7.6 to 
8.4, however, approximately doubled the rate at which cast car- 
bon steel was attacked. This indicated that, for the Marysville 
feedwater, the lower pH is more desirable from the corrosion- 
erosion standpoint. While in some quarters higher pH ‘values 
have been advocated as a panacea for all corrosion-erosion 
troubles, these results would seem to indicate that some caution 
should be exercised in increasing pH of feedwater indiscriminately. 


Discussion 

T. W. Biccer.. The Detroit Edison Company is to be 
warmly commended for making the investigation which is so 
ably reported in this and the original paper. The work has been 
carefully done and the information which is reported is usable 
and valuable to the industry. 

Corrosion-erosion to an abnormal degree occurs only occa- 
sionally in «a steam turbine, but is similar to that in feedwater 
pumps, in that it does not follow a set pattern as to the apparent 
conditions under which it does occur. Corrosion-erosion will be 
quite severe in a turbine in one plant, and an identical turbine in 
another with the same pressure and temperature conditions 
will be virtually free of damage. The erosion occurs principally 
on the low-carbon-steel parts, the high-chromium steels being 
but little affeeted by this type of attack. 

Corrosion-erosion is not a serious problem in the superheat 
region of steam turbines, nor in the coldest stages at the exhaust 
end. However, it does occur in some machines in the so-called 
wet region, principally in the range where the steam contains up 
to about 5 per cent moisture. One turbine did not erode appreci- 
ably during the early months of operation when on base load, but 
corrosion-erosion became quite noticeable when the machine was 
changed to variable and intermittent operation. This can be 
construed as indicating that oxygen is a cofitributing factor. 

Some time ago the writer’s company studied the problem of 
determining the best method of making tests to solve the erosion 
problem. Moisture which is freshly formed within a turbine in a 
modern station is of a very high degree of purity, containing less 
impurities than the average distilled water. It was determined 
that the production of steam of sufficient purity in a laboratory 
would be extremely difficult and almost prohibitive in cost. It 
seemed that steam extracted from a turbine where erosion had 
occurred would be representative, and the Boston Edison Com- 
pany kindly agreed to let us run the tests with steam extracted 
from such a turbine in its Mystic station. 

About that time the original paper‘ by the present authors was 
published. Since the arrangement of specimens which they used 
simulated closely the condition of a leak between a turbine 
* diaphragm and a shell ledge, and it seemed desirable for purposes 
of comparison to use a specimen which had been agreed upon in 
the industry, our specimens are dimensionally identical with 
theirs. To make possible a clean job of heat insulation we 
mounted our specimens in a recess in a solid block of steel and 
covered them with a small flange containing a jackscrew for 
clamping the specimens together. 

Saturated steam for testing is taken from the 14th-stage ex- 
traction line and fed to eight-specimens at 25 to 28 psig through a 
well-drained header. The supply laterals are short and receive 

* Development Engineer, General Electric Company, Schenectady, 
N. Y. Mem. ASME. 
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steam from the top of the header, Several inches of each lateral 
are left bare to supply equal amounts of fresh moisture for the 
specimens. All inlet piping is stainless steel to minimize contami- 
nation, The exhaust goes to the main condenser where the pH of 
the condensate in the hot well is in the order of 6.5, 

Tests of 1000 hr duration for a total of 16 specimens have been 
completed. Many of the specimens were of turbine materials 
commonly known as corrosion-resistant. They were run for pur- 
poses of comparison and of course stood up very well. A few 
specimens of cast low-carbon ferrous materials have been tried. 
From these essentially preliminary runs, we have been able to 
learn that 2 per cent chromium improves low-carbon east steel for 
use under these conditions more than 4 to 1, a good check of the 
results reported in the paper under discussion. Cast iron was not 
benefited by the addition of up to 1.5 per cent nickel, but was im- 
proved nearly 50 per cent by the addition of 3 per cent nickel and 1 
per cent silicon. Specimens of sprayed corrosion-resistant met- 
als over cast iron are in test and in preparation. 

A study i« being made of the use of small amounts of alloying 
elements in carbon cast steel and cast iron with the object of pro- 
ducing useful low alloys at a reasonable cost. Samples of these 
alloys will be tested as rapidly as possible. 


C. E. Brune.’ Evidence from operating results in several sta-_ 


tions of the American Gas and Electric System seems to indicate 
that plain carbon steel is subjected to greater attack under higher 
temperature or lower pH. Attack was evident sooner and more 
severe in stations with feed pumps handling water over 400 F than 
in a station where pumping temperature was less than 400 F. 
At one station a set of pumps with feedwater pH of 7.5 experi- 
enced severe attack while another set with feedwater pH of 8.5 
experienced none, Feedwater temperature for both sets was 450 
F. When the low pH was brought up to 8.5, the attack ceased. 

Another phenomenon was experienced whereby deposits of 
corrosion products on sides of impellers, causing increase of motor 
horsepower, apparently, were reduced when feedwater tempera- 
ture was reduced, by removing from service the last heater. In 
some instances, at least part of the deposit resulted from corro- 
sion within the pumps. In one station the deposits started when 
ammonia content went down in the river from which evaporated 
make-up originates, and feedwater pH fell from above 8 progres- 
sively to as low as 6. When ammonia content of river water and 
feedwater pH rose to normal values, the deposits apparently dis- 
appeared, There may be a question whether lowered temperature 
and increased pH lessened the formation of corrosion products or 
whether these changes influenced only the deposition of those 
products. 

From test No. 13, the authors incline to the belief that higher 
pH retards the formation of protective oxide film. The writer 
wonders whether the slightly more complete deaeration in test 
No. 13, as compared with earlier tests reported in the previous 
paper, might not also have been a factor in retarding film for- 
mation. 

While the authors consider the tests to justify use of the chro- 
mium alloys under test up to 400 F in deaerated feedwater, it is 
believed this limit can be raised, at least for some of those alloys, 
since no attack is evident on a 5.5 per cent chrome alloy in several 
stations on the A. G. & E. system after years of operation with 
deaerated feedwater at 450-460 F. 


F. P. Farreaitp.* This paper is a useful addition to the in- 
formation presented by the authors in their first paper.‘ Our 


7 Mechanical Engineering Division, American Gas and Electric 
Service Corporation, New York, N, Y. 

8 Chief Engineer, Electric Engineering Department, Public Service 
Electric and Gas Company, Newark, N. J. Mem. ASME. 
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DECKER, WAGNER, MARSH 
corrosion-erosion tests on steel specimens with varying pH values 
indicate just the opposite of the findings of this paper, as reported 
in discussion of the paper on the first test program. We found 
that a higher pH results in Jess corrosion-erosion attack at both 
90 and 205 F water temperatures. 

Recently we made some corrosion-erosion tests in an attempt to 
determine why high-pressure boiler-feed-pump parts of nickel 
cast steel had a longer service life at Mssex Station than similar 
parts under similar conditions at Marion Station. Detectors 
made from diffusers of the Essex and Marion pumps were tested 
side by side under similar conditions in the Marion feedwater. 
Contrary to expectations, the detector made from the shorter- 
lived Marion pump had the smaller weight loss in 500 hr by 12 
per cent. Thus difference in materials was eliminated as an an- 
swer to the problem. 

Having eliminated material as « cause of longer life, we next in- 
vestigated the effect of condenser leakage, because the Essex con- 
densate comes from condensers with packed tubes whereas the 
Marion condenser tubes are rolled at both ends. A tank and a 
variable-stroke proportioning pump were arranged to permit the 
injection of fluid from the tank into the line carrying feedwater to 
one of the detectors. Thus we were able to make concurrent cor- 
rosion-erosion tests comparing normal with polluted feedwater, 
using detectors of like material (cold-rolled steel). 

Three tests simulating condenser leakage were run; two at 
Essex (4th and 5th) and one at Marion (11th), as shown in Fig. 10 
of this discussion. 


In all of these tests a solution of condenser cir- 
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hia. 10 Corroston-ErRoston Tests SHOWING Errecr or Various 


AppiT10ns To TREATED Feepwarter at 200 F 


culating water was injected into the line feeding one detector 
while normal feedwater flowed through the second detector, At 
¢ssex 0.7 ppm excess chlorides reduced the corrosion-erosion 
weight loss 21 per cent in 335 hr; and in the next run 2.2 ppm ex- 
cess chlorides reduced the weight loss 37 per cent in 525 hr. At 
Marion the same test resulted in a reduction of weight loss of 47 
per cent with 2 ppm excess chlorides in 500 hr. 

Since the tank containing the injection water was an open tank, 
there was the possibility that oxygen in the water might be the 
cause of the unexpected results of pollution. Therefore, at Essex 
we repeated the test, polluting with undeaerated, pure condensate 
instead of raw water. The test shown as the 6th in Fig. 10, 
showed practically no effect of such pollution and very little dif- 
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ference in oxygen content of the two effluents. Another similar 
test (the 7th) was run in which air was bubbled through the con- 
densate in order to increase the amount of oxygen in the injected 
condensate. In this case the corrosion-erosion of the polluted 
water was about 20 per cent greater than that of normal water. 
Thus oxygen was eliminated as a contributing factor. 

The 12th test at Marion used a solution of chemically pure so- 
dium chloride for pollution, In this case 2 ppm excess chlorides 
resulted 1a a reduction of corrosion-erosion weight loss of 21 per 
cent, about one half that resulting from the same excess chlorides 
with raw-water pollution. 

Tn all of the foregoing tests, the degree of pollution was so small 
that there was no measurable difference between the pH of the 
normal and polluted water. This would seem to indicate that pH 
alone may not be the best criterion for controlling corrosion-ero- 
sion. 


J. B. 
the pH value and the temperature of the feedwater are of consid- 


The reported unexpected effects of raising 


The major consideration, however,-is 
the confirmation of the earlier conclusions regarding the vast ‘su- 
periority of the chromium-bearing steels over carbon steels. 

It is particularly interesting to note that 12 per cent chromium 
has virtually no advantage over 5 per cent chromium, 0.5 per cent 
molybdenum stainless steel. Furthermore, the lower-chromium 
For example, it is less susceptible 


erable academic interest. 


steel has certain advantages. 
to galling in pump service. 
Still lower-chromium steels, such as the 1.25 per cent chromium, 
0.5 per cent molybdenum steel, may be practical for the feedwater 
at Marysville. Caution will be required if this material is consid- 
ered for use in the many central-station feedwaters that are more 
aggressive toward carbon steel than the Marysville water appears 
to be. 
These considerations, plus the impossibility of maintaining ab- 
solute control of the many variables affecting feedwater quality 
from a corrosion standpoint, indicate that the pump materials al- 
ways should be selected for their ability to withstand any of the 
conditions likely to be encountered. Then, nominal fluctuation of 
the pH value or conductivity, or even a change in the water tem- 
perature, will be of no practical importance from the standpoint 
of corrosion-erosion. 
The failure of the chromium-plated specimen probably was not 
unexpected. This failure, however, should not eliminate chro- 
mium plating from consideration for all feed-pump applications, 
Shaft sleeves are relatively easy to plate, and have very good re- 
In addition, they 
psovide an extremely hard, excellent wearing surface. 


sistance to corrosion-erosion*by the feedwater. 


A. L. Penniman." The writer believes there is a strong proba- 
bility that some of the factors assumed to have been insignifies nt 
in effect as to rate of metal loss were perhaps actually significant. 
This comment applies particularly to the first paragraph under 
“Discussion of Results.” 

Since the average velocity is quite high and is accompanied by 
« sharp change in the direction of water flow, it is considered 
likely that there will be considerable variation in filament veloci-. 
ties with respect to both time and cross section which can result in 
some cavitation effect with material acceleration of metal loss, 
depending upon characteristics of metal and water. Under such 
conditions, it is believed that minor surface variations could in- 
fluence the results materially. 

* Metallurgist, Cameron Division, Ingersoll-Rand Company, 
Phillipsburg, N. J. 

General Superintendent, Electrical Operations, Consolidated 


Gas, Electric Light & Power Company of Baltimore, Md. Fellow 
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eWhile it is recognized that maintenance of a constant differen- 
_ tial pressure tends to maintain the average velocity of flow con- 
stant and thereby hinder large progressive changes in rate of loss, 
it is believed that the static pressure is also of importance and 
_ should be recorded since it, as well as temperature, affects cavita- 
tion, 

Tt is noted that to obtain water at different temperatures, wa- 
ter was taken from different parts of the cycle. It is our opinion 
that such waters may differ in effect because of factors other than 
_ temperature which may have been assumed to be insignificant, 
e.g., suspended matter, metal and gas content. A 
_ shown in Fig. 4 of the paper which obviousl¥ was intended to re- 
“move suspended matter, 


filter is 


It would be of interest to learn the type 
-and construction of this filter, since our experience in filtering-out 
suspended matter from boiler feedwater has not been considered 
satisfactory. 
While the use of an evaporator may have been a convenient 
means of varying the pH content of the water, it is our opinion 
_ that there were influences other than pH which were brought into 
the picture, e.g., evaporator carry-over of solids and gases. 
Also, can we consider that it makes no difference whether or not 
the alkaline source is ammonia, ferrous hydroxide, or a solid like 
caustic soda? 
Reference is made to Mr. Luce’s work at Ohio State University, 
with Fig. 9 given as an illustration. While the statement is 
made that distilled water was used, the oxygen content was not 
mentioned, 
of oxygen and other oxidizing influences, it is recommended that 
some statement be made about this. 


Since it is extremely difficult to obtain zero content 


It would also be of interest 
to know about how the pH variation was obtained, and how the 
hydraulic conditions varied. 
10 where a negligible loss is shown? 


Was only one point obtained at pH 


If Mr. Luce’s work is used as a criterion, it would appear that 
quite a number of plants in attempting to improve conditions 
~ have made them worse in maintaining the pH in the range of 8 to 
9. However, maintenance of a pH of 6 does not fit in well with 
the use of sodium sulphite to react with remanent oxygen in the 
feedwater. 


Autuors’ CLostre 


The work being done by the General Electric Company at the 
Boston Edison Company’s Mystic station should produce some 
worth-while information. 
with wet steam instead of water, information on a new phase of 
metal wastage will be obtained. It is interesting that results of 
tests of 2 per cent chromium cast steel obtained at Mystic station 

ure similar to those obtained at Marysville with water. Informa- 
tion to be obtained on corrosion-resistant metals sprayed over 
cast carbon steel also will be valuable. 

Experiences of the American Gas and Electric Company do not 
agree with the test results obtained at Marysville. The authors 
. cannot explain this discrepancy. There is a possibility, however, 

that at 450 F corrosion-erosion might be much more severe than 
at 388 F, the maximum temperature used in the tests at Marys- 
Ville. Because of the many variables involved, comparison of ex- 
periences On pumps operating on different feedwaters can be most 
misleading. 

At the Detroit Edison Company’s Connors Creek Plant where 
the feedwater temperature is approximately 250 F, severe corro- 
sion-erosion of the feed*tpumps occurred when the pH of the feed- 
water,was about 8.5. ,In this case, at least, the relatively high pH 
apparently did not protect the pumps. 


Inasmuch as the tests are being made 


JANUARY, 1950 

A few years ago the source of feedwater for the evaporators 
producing make-up for the Connors Creek plant was changed. 
The new supply is practically free from ammonia whereas the old 
supply contained an appreciable amount. This caused a lowering 
of the pH from about 8.5 to about 8. Unfortunately, a change to 
corrosion-resistant metals for pump repairs was made at about 
the same time. This made it impossible accurately to gage the 
effect of the pH change. Results indicate, however, that the 
rate of corrosion-erosion is no higher than it was previously, and 
perhaps lower. 

The experience of the American Gas and Electrie Company in- 
dicates that the chromium alloys will give satisfactory service at 
temperatures 60 to 70 deg F higher than the test temperatures 
used at Marysville. This is a valuable supplement to the data 
submitted by the authors. 

Results of the test presented by Mr. Fairchild indicate that the 
salts present in feedwater may have a very profound effect on the 
rate of corrosion-erosion attack of metals. Previously it was com- 
monly believed that pH and dissolved oxygen were the most im- 
If the concentration of sodium chloride in the 
tests at Marion and Essex stations influenced the test results so 


portant factors. 


greatly, it is conceivable that the presence of other salts may also 
greatly influence corrosion-erosion rates. This opens a whole new 
field the investigation of which would provide valuable informa- 
tion, particularly where salt water is used for condenser cooling. 

At Marysville the salt concentrations in the feedwater were 
very low and specific conductance records indicated that variations 
were small. Therefore it is doubtful if variations in concentra- 
tions from one test to another had much effect on the results ob- 
tained. Inasmuch as concentrations in many plants cannot be 
controlled closely, Mr. Godshall’s statement that ‘... . pump ma- 
terials always should be selected for their ability ta withstand any 
of the conditions likely to be encountered” is a good one. 

lhe filter about which Mr. Penniman inquired was placed in 
the circuit to remove suspended iron oxide from the feedwater 
used in the test. The filter element is made of a spool wound with 
cotton cord, The authors have found these filters to be quite ef- 
fective for this purpose in this and similar installations. 

The authors have no data nor have they seen any which would 
prove or disprove that one alkali is better than another for in- 
creasing the pH for corrosion prevention. The authors are in- 
clined to agree, however, that the means for varying this pH may 
be most’ important. 

The static pressure at the inlet to the test specimens was main- 
tained at 700 psi, and the outlet pressure was, correspondingly, 
400 psi. The saturation pressure corresponding to 388 F is about 
200 psi gage. It is the authors’ opinion that cavitation was not a 
factor finder these conditions, which is supported by the fact that 
the type of metal wastage resulting from cavitation Was not 
found. 

When referring to Mr. Luce’s work at Ohio State Universi‘y 
the authors neglected to state that it was done in aerated dis- 
tilled water. The type of corrosion-erosion equipment used by 
Mr. Luce, and the conditions under which his tests were made were 
so different from the tests conducted by the authors that no valid 
comparison can be drawn between them. The authors merely 
wished to point out that some evidence exists tending to support 
the unexpected increase in corrosion-erosion attack secured on in- 
creasing the pH. These results were reported solely to indicate 
that changes in the pH should be made with caution. 

The authors wish to express their appreciation to all those who 
submitted comments and discussion on the paper. 
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The Forces 


The mechanism of normal level walking is presented in 
this paper in terms of the displacements of and the force 
systems at the leg joints. The data on four normal sub- 
jects were obtained from simultaneous recording of the 
positions of the leg in space and the floor reactions during 
level walking. The mass moments of inertia of the lower 
extremity were determined experimentally and the effects 
of gravity and inertia were included in the analysis. The 
forces and moments are presented in terms of the space 
components referred to a system of horizontal and vertical 


orthogonal axes. 


is extremely 


INTRODUCTION 
. | 


S a locomotive mechanism the human body 
omplex. 


vi \ locomotion such as walking, running, climbing slopes and 
stairs, man has been provided with an articulating system of 
levers (the arms, torso, and legs) connected by ‘‘superuniversal”’ 
joints (the shoulder, hip, knee, and ankle joints, for example). 
These levers are powered with a multitude of motor units (the 
muscle fibers) and operated by an elaborate network of controls 
(the nervous system). 

The human mechanism is one "th: at operates in three dimen- 
sions—further complicating its analysis. It is true that the main 
effects of locomotion are evidenced in a single plane (the 
plane of progression), but this should not lead one to neglect 
the effect of lateral displacement on the mechanics of locomotion. 
This omission has been made by some previous investigators in 


In order to perform the various operations of 


order to simplify the mechanical aspects of the problem, but does 
not seem to be justified by the results of this investigation. 

Unlike the inanimate machines, one human body varies greatly 
from another in build (mass distribution), musculature (power 
supply), and mannerisms of motion (controlled by the nervous 
system). The effect of these variables on the displacement and 
forces involved in the locomotion process introduces an additional 
complication into the analysis of the experimental data, 

Before attempting to correct 
the human body, the surgeon, limb and bracemaker, and physio- 


any mechanical deficiencies in 
therapist must be well-acquainted with the mechanical functions 
of the affected parts of the body. 
orthopedic treatment and surgery, limb and brace fitting, and the 
like are seriously limited by the force and displacement character- 
istics normally involved in the damaged or missing members. 
Recognizing the need for a scientific analysis of the mechanical 
functions of the legs in walking, the Advisory Committee on Arti- 
ficial Limbs of the National Research Council and the Veteran's 


The techniques and scope of 
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and Moments in the Leg 


During Level Walking 
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Administration sponsored a research program of fundamental 
studies of locomotion at the University of California at Berkeley. 

In View of the range of variables involved in the mechanics of 
human locomotion, a complete analysis of the problem is not 
possible at this time. Various phases of this problem have al- 
ready been reported (1),* others are now under investigation at 
the University of California Artificial Limbs Research Project. 
The material presented herein is based upon the investigations 
carried out at the University of California, and will deal primarily 
with the force systems in and the displacements of the lower 
extremities during level walking of normal subjects. 


HisTorRICAL BacKGROUND 


The present-day knowledge of the mechanism of locomotion is 
due to the contributions of many scientists. Only a few of these 
contributions will be mentioned here to introduce to the res 
the state of present-day knowledge in this field. 

In 1836, Wilhelm and Eduard Weber (2) presented a theory of 
walking and running based on measurements on cadavers and 
tests on living bodies. From studies of pendulum motions of 
the leg in both living and anatomical specimens the brothers 
Weber reached the conclusion that leg motion during the swing- 
ing phase of gait, that is, the time when the leg is off the ground, 
is a pure pendulum motion and does not depend upon muscular 
action. The Weber pendulum theory gave rise to much discussion 
by subsequent investigators and was later repudiated by Fischer 
and others. The Weber book contains also a great deal of in- 
formation on other various aspects of gait, including a mathe- 
matical analysis of the data collected. In another publication 
Iduard Weber discusses some fundamental aspects of muscle 


fer 


physiology wherein the tension that a muscle can develop is com- 
pared to the shortening it undergoes. The importance of muscles 
as the prime movers of the articulating levers of the body focuses 
great attention on the work of Eduard Weber in this regard. 

Kk. J. Marey, Professor at the College of France, reported in 
1873, and on later dates (3, 4, 5, 6, 7) tests performed to deter- 
mine the locus of the center of pressure on the sole of the foot and 
the vertical displacement of the body during walking. In addi-, 
tion, his computations of energy output during locomotion are 
worthy of mention in any bibliography however brief it may be. 
Marey’s greatest contribution to the study of locomotion is no 
doubt of chronophotography. Successive 
exposures were made on the same photographic plate by means of 
a rotating disk in front of the camera. The subject was dressed 


his development 


‘entirely in black on which brilliant metal buttons and shining 


bands were attached to represent joints and bony segments. 
The subject, illuminated by the sun, was photographed as he 
walked in front of a black screen. This method is known as 
geometric photography, since the pictures obtained show points 
and lines only. Variations of this method have been used in 
practically all subsequent investigations, including that reported 
herein, 

Otto Fischer, whose six volumes of research (8) were published 
from 1894 to 1904, is best-known for his studies on human gait. 


§ Numbers in parentheses refer to ie Bibliogr: aphy at the end of 
the paper. 
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These were based upon chronophotographic studies similar to that 
employed by Marey but with some improvements. Fischer, a 
mathematician, in co-operation with Braune, an anatomist, made 
detailed studie:. (9) of the kinetic properties of the different seg- 
ments of the human body. To these men belongs the credit for 
the first rational scientific investigation of the problems in human 
locomotion; so detailed was their treatment of the subject that 
no later publication has superseded the works of Braune and 
Fischer and that of Fischer himself as the classical works on gait. 

In Moscow, in 1935, was published a comprehensive volume 
(10) on research in the biodynamics of locomotion performed by 
N. A. Bernstein and his associates. In this study the accuracy 
obtained by Fischer was questioned and techniques were de- 
veloped to improve on his accuracy. In all, the gait of 65 subjects 
was investigated. Many more photographs were taken of the 
subject during one complete evele of walking. Further, the 
curves were not smoothed out, since Bernstein felt that the com- 
plexity of locomotion would preclude the smoothing out of any 
curves. Fischer's data for locations of the centers of gravity of the 
various segments, their radii of gyration, and their relative mas- 
ses were used in this study, The experiments included investiga- 
tion of normal walking of men both carrying weights, and un- 
burdened, as well as an analysis of fatigue effects due to these 
conditions. Mention is made of a volume on the determination 
of the masses and centroids of the segments of the human body on 
live subjects, but at the time of this writing suca information has 
not become available to the authors. Mention is made, however, 
of the fact that differences from Fischer's data were found. 

Most recently, Elftman has reported in articles from 1934 to 
the present, investigations on locomotion including studies of the 
distribution of pressure in the human foot (11), the function of 
the arms in walking (12), the force exerted by the ground in 


Fig. Free-Bopy Diagram; Leer Lea 
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iy 
walking (13), the rotation of the body (14), the forces and energy 
changes in walking (15), the function of the muscles in locomo- 
tion (16), and the action of muscles in the body (17). 

i:Iftman has made a valuable contribution to the analysis of 
problems of locomotion even though he had a limited amount of 
experimental data at his disposal. Some of the results and con- 
clusions presented were based partly on Fischer’s classical ex- 
periments and partly on Elftman’s direct measurements. The 
present investigation of locomotion, considered as a three-dimen- 
sional process, was undertaken at the suggestion of Elftman. 


THEORETIGAL ANALYSIS 


It has been felt by the authors that a knowledge of the positions 
of the joints of the lower part of the body and the internal force 
systems at these joints offer an adequate introductive description 
of the locomotive process of man.+ 

Fig. Lis a free-body diagram of the leg during the stance phase 
of walking, i.e., when the foot is in contact with the ground. The 
reference (co-ordinate) axes are taken with the origin at the 
ceater of the force plate (described in the next section), and are 
designated by the lower-case letters y, and z.  Postive co- 
ordinates denote inward (with respect to the leg investigated), 
forward, and upward direetions. To definé the position of a par- 
ticular point of the leg, appropriate subscripts are used, e.g., 
4a, Ya, und z4 are the three space co-ordinates of the ankle joint. 


The following subscripts are used throughout the paper =~. 


F = foot A = ankle 

S = shank K = knee 

T = thigh H = hip 

O = center of pressure on the foot 


The external forces acting on the body during walking are of 
‘only two types; (a) gravitational, due to the weights of the 
various parts of the body; and, (6) reactional, representing the 
ground forces acting on one or both feet. 

The gravitational forces are considered acting at the centers of 
gravity of the leg segments, and are denoted by W with an ap- 
propriate subseript. Thus Wy, denotes the weight of the foot, 
Ws denotes the weight of the shank of the leg, ete. 

The ground reactions on the foot are obtained experimentally 
from a force-plate record and are considered to be applied to the 
foot at the center of pressure, which is also defined by the force- 
plate record. As shown in Fig. 1, Xo, Yo, and Zo are the com- 
ponents of the ground reaction, and Mo,, is the torque in the plane 
of the force plate between the foot and the plate. 

The internal forces acting at the leg joints are resolved into 
components parallel to the xyz reference axes and are denoted by 
X, Y, and Z, respectively. To define the force acting at a par- 
ticwar joint appropriate subscripts are used, e.g., Z4 denotes a 
vertical force at the ankie joint, 4 denotes forward force at the 
ankle, gte. The sign convention used in the calculations of the 
joint forces is as follows: 


X = inward force with respect to part of leg below joint. 

)” = forward force with respect to part of leg below joint. 

Z = compressive force (acting downward on part of leg below 
joint. 


The internal moments acting at the leg joints are denoted by 
V4, Mx, and My, at the ankle, knee, and hip, respectively. 
These moments are resolved into components about the xyz 
reference axes and are defined by appropriate subscripts, e.g., 
M,, denotes an internal moment at the ankle about the z-axis 
(a fore-and-aft moment), 4, denotes an internal moment at the 
ankle about the y-axis (inward-outward moment), ete. The sign 

‘A paper describing the energy and power aspects of locomotion 
Is now in preparation. 


- 
4 | 
| 
| 
fre 
vif be 
fo 
te 
fo 
su 
T 
| as 
| 
| 
| 
\ 
-, 


convention used in the calculation of the internal moments is 
based upon the “screw” rule, the right-hand rule being used for 
the right leg, while, for the left leg, the left-hand rule is used, see 
Fig. 1. 

By considering a free-body diagram of the leg below a section 
cut at a joint, one may state the equations of motion for the 
free ‘body in terms of forces and accelerations. Using D’Alem- 
bert’s principle of “equilibrium” of bodies in motion, the internal 
forces (or moments) at the joints can be expressed directly in 
terms of reaction forces (2), gravity forces (G@), and “‘inertia 
forces’ (1). Thus may be obtained the relations shown in Table 
* 1. This table shows the reaction, gravity, and inertia terms in 
summary form for all force components at the joints of the leg. 
The symbols used in Table 1 and not previously explained are 
as follows: 

g = acceleration due to gravity 

#, jj, 2 = components of linear aecleration of centroid of 
segment 

a@,, a, a, = components of angular acceleration of segment 


mass moments of inertia of segment about three 


axes through its center of mass 


EXPERIMENTAL Meruops AND Repuction or Dat 
For a complete description of the behavior of the legs of the 
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human mechanism in walking a knowledge of the forces and mo-_ 
ments at the joints is essential. The determination of these forces 
and moments requires either measurement or calculation of the 7 
mass distribution of the leg, displacements and accelerations of 
the leg segments through one complete cycle, and the reactional 
forces of the ground on the foot, 

Mass Distribution of Leg. The mass distribution of the leg is 
defined in terms of the weight (or mass), the location of the center 
of mass, and the mass moment of inertia about the center of mass. 
To date no adequate method has been presented whereby the 
numerical values of mass and inertia can be measured accurately 
from living subjects.> 
the use of Fischer's coefficients and the Weinbach graphical 
method (19). Braune and Fischer (8, 9) established coefficients 


The most commonly used methods are 


for expressing the relative masses of the segments as compared 


to the body as a whole, and the position of centers of mass and 
radii of gyration of the segments as proportional parts of the 
length of the segment. Although Braune and Fischer worked on a 


few frozen corpses their results have been accepted and used in 
Actording to Fischer, the weight ‘ 
§ A reference to a Russian publication dealing with this subject has— 
come to the attention of the authors, but this is not available in the— 
United States at this time. The reference is given in the Bibliography 
as item (18). 


most subsequent investigations. 
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of a segment divided by the weight of the body is a constant 
C;; the distance of the center of mass from the proximal joint 
divided by the length of a segment is a constant C2, and the radius 
of gyration of the segment about the mediolateral centroidal 
axis divided by the length of segment is also a constant (Cs. 
Thus 

(a ) 

(b) 


Weight of segment = C, X weight of body 

Distance from proximal! joint to center of mass of segment 
= (; X length of segment = 

Radius of gyration, p, = C3 X length of segment; hence 

x 


(e) 
mass moment of inertia J, = mass of segment 


(p,)? 


The method proposed by Weinbach is based on the assumption 
that any cross section of a segment is elliptical and that the 
density of the body is uniform throughout. The masses, the loca- 
tions of the centers of mass, and the radii of gyration of the 
leg segments may be determined by numerical or graphical in- 
tegration of data obtained fron front and side-view photographs 
of the lez. This method, proposed by Weinbach, is so tedious that 
ein view of the questionable assumptions of ellipticity and uniform 
density, it was deemed adequate for the purpose of this paper to 
use Fischer’s coefficients of location of centers of gravity, weights 
and masses, and the radii of gyration. 

Calculations for the mass, centroid location, and moment of 
inertia of the combined shank and foot of one normal subject 
were made using both Fischer’s and Weinbach’s methods. All 
values as determined by Weinbach’s methods were less than those 
by Fischer’s method by about 10 per cent of the latter. 

In the case of the location of the center of mass of the foot, 
Fischer’s laborious graphical construction was replaced by an 
arbitrary coefficient. Table 2 shows the coefficients used in the 
calculations. 


TABLE 2 
Member 
Body. . 
Thigh 
Shank 
Foot 


ASSUMED COEFFICIENTS 
Cs Cc 


0.44 0.31 


0.42 0.25 


0.35 0.30 


In order to check the aceuracy of the coefficients listed in 
Table 2, a simple experiment was performed at the University of 
California. 

A subject was seated so that one leg was supported only by a 
chair, as in Fig. 2. A cable connected to a proving ring was at- 
tached to the ankle. Mounted on the same ankle was an elec- 
trical accelerometer. The subject, by extending his knee joint, 
created a tension in the cable which was measured by the proving 
ring and a recording oscillograph. The moment of this force 
about the knee was thus determinable from the recorded force and 
the known distance of the cable from the knee joint. The cable 
was then cut, with the result that the shank and foot swung up- 
ward rapidly. 
oscillograph actuated by the accelerometer, and the angular 


The acceleration of the ankle was recorded on an 


acceleration of the foot and shank about the knee computed. 

By assuming that the knee moment (7) supplied by the mus- 
culature was equal to the external moment before the cable was 
cut, the moment of inertia of the foot and shank about the knee 


J,’ was computed from the relationship 


The results of the experiments on three subjects are presented 
in Table 3. 

The fair agreement between the theoretical and experimental 
values shown in Table 3, together with the small effect of inertia 


a, 
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a 
TYPICAL OSCILLOGRAPH RECORD 


Pig. 2) Moment or win 

(see Results’), would seem to indicate that use of the coefficients 
shown in Table 2 is sufficiently accurate for purposes of com- 
parison of several subjects. 


( 


COMPARISON OF EXPERIMENTAL AND THEORETI- 
. VALUES OF MOMENT OF INERTIA OF LOWER LEG PLUS 
SHOE, ABOUT KNEE 
Theoretical Jz’ 


(from Table 2), 


3 
‘Al L 


Experimental Js’, 
slug-ft? slug-ft! 
0.28 0.274 
0.20 $ 0 265 
0.24 0.258 


Subject 


Several methods of defining 
the displacements, velocities, and accelerations of the joints of the 
leg were tried. The chronophotographic method of Marey, as- 
improved by Fischer, was improved still further by substituting 
continuously lighted opthalmoscope bulbs at significant points on 
the leg, and taking all pictures in a darkened room. 
the film to the lights 30 times each second, a photograph containing 
With the application of a 
suitable scale factor the co-ordinates of the lighted joints eould be 
plotted, and graphic or arithmetic methods used to calculate 
velocities and accelerations. This method was useful only for the 
side view of the walking operation, since there was no gradual 


Displacements and Accelerations. 


By exposing 


many points of light was obtained 


displacement of the body when viewed from the front to preclude 
In addition, the 
allowable magnification of the film was too limited to allow of 


overlapping of the poiat images on the film. 


axecurate convenient reduction of the data. 

For these reasons 35-ram motion-picture photography taken at 
40 frames per sec from the front and side, while the subject was 
wruiking over a force plate, was used to obtain joint displacements. 
Targets were placed as close as possible to the most probable 
locations of the centers of the joints at the toe, ankle, knee, and 
hip of the leg nearest the side camera. 
of these targets. 


Fig. 3 shows the positions 
The use of targets taped to the skin involves 
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the movement of the skin over the 
bone causes some slight error in location, and due to the definite 
thickness of the limbs, the front and side targets will not be at the 
same elevation when the member, is inclined. 


several limitations, namely, 


Since the elevation 
in the frontal view figures in the determination of lateral move- 
ment, 


while that in the lateral view determines the fore-and-aft 


moment, small discrepancies will exist ina comparison of the two 
components of moment. The resulting film was projected to 
about one-half actual size and the co-ordinates plotted to a con- 
The origin of co-ordinates was taken as the center 


of the wearing surface of the force plate; the 


venient scale. 
co-ordinate axes 
were z, positive upward; 2, positive inward; and y, positive 


forward. Figs. 4 to 6, inclusive, show the displacements of the leg 
* joints as obtained from the motion-picture records. 

The x, y, z-components of the linear accelerations of the 
joints were obtained by differentiating twice the curves of the joint 
displacements with respect to time. In view of the accuracy 
of the motion-picture data, it was found that graphical differentia- 
tion was the best and quickest method and hence was used for 
determining accelerations. 

The co-ordinates of the center of mass of each segment were 
obtained on the basis of the coefficients given by means of simple 
equations, fonexample (referring to Fig. | and Table 2) 


rg = ry + 0.42 (4, re) = O.58ry + O42r, 
© 
where 


7 fs = c-co-ordinate of shank center of mass 
s 


Ig = r-co-rdinate of knee joint 

= tg = r-co-ordinate of ankle joint 

The linear accelerations of the center of mass of each segment 
were obtained in a similar manner, using the same form as the 
equations for center-of-mass location, but substituting aecelera- 
tions for displacements in the foregoing equation. 

In order to facilitate the calculations of the location of center 
of mass and corresponding linear accelerations simple nomograms 
were used. 


The ay and ay components of the angular accelerations of each 
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segment were calculated from the linear accelerations of the two 
end points of the respective segment, as follows: 

The tangential component of the relative acceleration of the 
upper joint with respect to the lower joint of a particular leg 
segment is equal to the product of the distance between the joints 
and the angular acceleration of the segment. The sign convention 
for the angular acceleration is the same “serew”’ 


tion as used for the moments. 


rule conven- 
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The effect of the angular acceleration about the z-axis on the 
moments about the z-axis is very small, and hence was neglected 
in the calculations. Further, the angular accelerations about the 
z-axis could not be computed without the aid of measurements of 
the twists of the segments (21). 

Reaction Forces. The reaction forces on the foot were measured 
on a force plate designed and manufactured under the supervision 
of Don M. Cunningham at the Artificial Limbs Research 
Project of the University of California. The lack of moving 
parts, and the recording of all measurements on an oscillograph 
tape made this force plate ideal for the problem at hand. The 
force plate determined the location of the center of pressure, the 
torque about z-axis, and the vertical and horizuntal forces applied 
to the foot. A paper dealing with the details of the equipment 
and experimental procedures is now in preparation, 

Data Reduction. The computations were set up in a tabular 
form but, nevertheless, constituted long and tedious procedure. 
The extent of the work involved in calculating the quantities for 
only one stride is indicated by the facet that approximately 14,000 
numerical calculations were performed, 72 curves were plotted, 
and 24 curves were subjected to graphic differentiation. This 
work required approximately 500 man-hours at first but due to 
increased experience of the reduction personnel the computations 
for the fourth subject were completed in 250 man-hours. * 


RESULTS 


Displacements. While the subject is walking forward in a re- 
laxed automatic manner, various segments of the body undergo 
displacements during different phases of a stride. The integrated 
result of these displacementgis a stable, uniform, and mechanically 
efficient process of locomotiou. Some displacements have a defi- 
nite function in the process of locomotion—such as stabilizing 
the body: during support on one foot, improving efficiency of 
muscle action, ete. Other displacements have no definite ap- 
parent function. A complete description of the kinematics of 
human locomotion will not be given here, since it is not necessary 
for analysis of the force system in locomotion. A few brief re- 
marks about the displacement data used for force calculations 
are, however, in order. ° 

Figs. 4, 5, and 6 show the components of the linear joint dis- 
placement of one subject in graphical form. A typical stride 
shown in these figures consists of a complete cycle of stance (foot 
in contact with the ground) and swing (foot off the ground) 
starting at heel strike of the left foot and ending at the next heel 
strike of the same foot. This eycle takes 1.18 sec, during which 
the subject moves forward through a distance of 5 ft. 

It is apparent from examination of Fig. 4 that the hip moves 
through 5 ft at about a uniform rate during the entire cycle, while 
the toe and the ankle move through 5 ft only during 0.4 see of the 
swing phase; thus the foot and ankle have larger accelerations 
than the hip. 

Fig. 5 shows the vertical displacements of the lez joints. The 
rapid toe descent following heel strike, and the toe pickup during 
the swing phase are clearly apparent. The ankle starts rising just 
preceding toe-off, and starts descending just after toe-off. Little 
vertical motion takes place at the knee. The hip joint has a dis- 
placement pattern which is typical of joints lving closely to the 


torso: it has a period half that of the complete stride—the hip* 


rises and falls twice during one complete stride. 

The mediolateral displacements of the leg joints are shown in 
Fig. 6. These displacements are of relatively small magnitude 
but are of great importance for the stability of the body during 
normal walking. As the weight is transferred from one leg to the 
other, the body shifts toward the weight-bearing side. The 
lateral displacements of the hip joint, shown in Fig. 6, clearly 
indicate this motion. These data exhibited a large amount of 
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scatter and the smooth curves representing joint-displacement 
variation are the best approximations. While the forward and 
Vertical displacement patterns, shown in Figs. 4 and 5, are also 
represented by smooth curves, the amount of scatter for these 
data are definitely negligible. In coniparing the character of data 
in Figs. 4, 5, and 6, however, it must be remembered that the 
displacement scales in these figures vary a great deal. The rela- 
tive scales of the displacements are 20:4:1 for the forward, 
vertical, and lateral movements; thus any inaccuracy in the 
lateral-displacement data is much exaggerated. 

It must be emphasized that locomotion involves a very sensi- 
tive balance on one foot-——it has been previously described as a 
continuous process of fall and recovery—and therefore small dis- 
placements from the position of unstable equilibrium are to be 
expected. The stability of locomotion is preserved by muscle 
actions (controlled by nerve impulses) which tend to return the 
body to the equilibrium position. This results in minute jerkiness 
of motion which is not ordinarily apparent, but contributes to the 
scatter of the data. This “jerky” characteristic of locomotion is 
not reproducible, and the small deviations from the smooth proc- 
ess vary in each step even for the same subject. Since the pur- 
pose of this analysis is to consider the forces and displacements 
involved in a general reproducible pattern of locomotion, it was 
considered that smoothing. out the displacement curves was 
justified. 

Forces and Moments. The results of the computation of the 
forces and moments at the joints of the same subject are plotted 
in Figs. 7 and 8. To correlate the variation of the forces and 
momehts with the position of the leg in space, the time of heel 
strike, toe strike, heel-off, toe-off, and the heel strike of the next 
stride are shown in the figures. 5 

In order* to obtain the over-all system of forces acting on the 
body, the forees acting on both legs must be considered. The 
total force on the body can be obtained by superposition of two 
curves, adjusting the time of beginning of each curve to corre- 
spond to the proper phase sequertce of motion, This places the 
heel strike of the opposite leg little less than halfway between heel- 
off and toe-off of the given leg. (An accurate analysis of the 
forces acting on the body has been carried out at the University 
of California using data from two force plates. This analysis has 
not been included here). ; 

The X-(lateral) components of joint forces shown in Fig. 7 
have very small magnitudes. These forces are important, huw- 
ever, in providing the lateral stability in walking and contribute a 
large share of the lateral hip moment (7). As the body weight 
is shifted from one leg to the other the lateral force must be 
directed inward with respect to the body (negative Vy), in order 
to prevent the subject from falling sidewise. The magnitude of 
this force will depend largely upon the amount of lateral hip 
motion. 

The }-(fore-and-aft) components of joint forces shown in 
Fig. 7 have a typical shape approximating a full sine wave during 
the stance phase. During swing phase, the Y-forces are small and 
their variations are somewhat irregular. With the sign conven- 
tion adopted in this analysis, a positive )-foree indicates an ex- 
ternal force tending to retard the forward motion of the body. 
Thus it is apparent that the variation in Y-component of the 
force on the leg is due to the fact that upon heel strike the leg 
first must retard the forward motion of the body, and then a 
fraction of a second later must provide the “‘push-off” or forward 
acceleration necessary to continue the motion. 

The Z-(vertical) components of joint forces shown in Fig. 7 
have a typical double-peak shape; this is due to vertical upward 
and downward accelerations of the body. The difference between 
the vertical component of floor reaction Z» (very nearly equal to 
Z,), and the body weight is proportional to the vertical accelera- 
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tion of the body. The first peak occurs shortly after heel strike, 
when the body rolls over the supporting leg, and the other peak 
occurs when the leg ‘“‘pushes”’ the body tp just before the other leg 
strikes the floor. 

The differences between the forces at the ankle, knee, and hip 
joints indicate the effect of gravity and inertia at these joints. 
Thus the maximum vertical compressive force occurs at the ankle 
joint, while at the hip joint this force is reduced by the gravity and 
inertia effects of the shank and thigh. The variation in the X- 
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and Y-components of forces at the ankle, knee, and hip joints are 
due to inertia effects only, since gravity does not affect these 
components, 

The X-component of moment shown at the top of Fig. 8 is 
that component tending to extend or flex the foot. From the 
adopted sign convention, a positive X-moment would be produced 
by the resultant force passing in front of the joint. Thus the 
negative Y-moment occurring just after heel strike indicates that 
the resultant force passes behind the ankle at this time, when the 
toe is still being lowered. When the foot is flat the load shifts 
so as to pass uhead of the ankle, yielding positive moment which 
increases rapidly, reaching a maximum value at the time the 
subject pushes off on the foot. It is to be expected that the 
magnitude and timing of the negative moment, occurring when 
the foot is being lowered, would be a definite aid in diagnosis of 
such pathological conditions, as, for example, tabes dorsalis where 
the foot is allowed to slap down, possibly registering less negative 
moment over a shorter time than normal. 

The X-component of the knee moment registers quite clearly a 


' % phenomenon of gait found in nearly all normal subjects to date. 


The sign of this component of the knee moment is such that, 
_ when negative, the resultant force passes behind the knee, tending 
— to flex it (and therefore render it unstable), while a positive 

moment indicates that the knee is being moved into or held in a 

“locked” position (stable). Thus, from the curve, one may con- 
clude that at heel strike the leg is quickly stabilized, then un- 
locked; und once again locked for the push-off phase of the step. 
This “double-locking” action permits the subject to move forward 
with a minimum raising of his center of gravity, and therefore 
with less expenditure of work. 

The location of the resultant of the forces at the hip, as partially 
indigated by the sign and magnitude of the X-component of the 
hip moment, serves to demonstrate the precept of continual rota- 
tion of the body pointed out so clearly by Elftman (14). The 
initial positive moment at the hip indicates that the forward 
rotation of the torso is being retarded, while the later change to 
negative moment indicates the renewal of forward torso rota- 
tion. 

The lateral components of moment reflect the requirements of 
bipedal walking on the joints of the leg. In shifting from leg to 
_ leg, the torso is shoved first one way then the other, and moments 
somewhat proportional to the elevation of the joint above the 
_ ground are recorded. This points out the relatively large magni- 
tude of the Y-(lateral) component of moment at the hip, a factor 
beyond the analysis of investigations which have their attention 
confined to the plane of progression. 

The Z-components of moment reflect the positioning of the 
shears in the leg, and therefore may be associated largely with 
the twist of the body as well as that of the segments of the leg. 
Of interest is the fact that the results of pin studies (21) on twist 
_of the segments agree quite consistently in phasic nature with the 
Mz-curves in Fig. 8. 

Fig. 9 illustrates the significance of inertial and gravitational 
_ effects on the fore-and-aft moments at the ankle, knee, and hip. 


‘The contributions of reactions to these moments at the ankle, 


_ knee, and hip are compared to the total computed moments, so 
that the difference in ordinate between the total moment and the 
reactional moment represents the effect of gravity and inertia of 

_ the segments below the indicated joint. It is apparent from Fig. 

9 that the effect of gravity and inertia on fore-and-aft moments 

_ is very small for the ankle and knee moments, and relatively 

small on the hip moments throughout most of the stance phase. 
Since the computations of the moments about the joints due to 

these effects are the bulk of the calculations, a rapid first ap- 
proximation to the magnitudes of moment and force may |)> made 
by considering only the moment due to the floor reaction. In 
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the case of the hip, howeve r, considerable error may be introduced a STANCE AVERAGE SWING - y 
in such an approximation. . 
To serve as an indication of the general value of the results for 
one subject, comparisons of several characteristic joint forces and - 
ad 
ase tS "0 10 4.5. 
Sr 
so} 
2 as} vs 
z ANKLE : 
‘ 
Qa . 
8 
MOMENT DUE TO REACTIONS ——— 
TOTAL FORE AFT MOMENT ———~ 
4 8 100 
KNEE 
: TIME --> PERCENT OF STRIDE 
ok AVERAGE TIME OF STANCE EQUALS 62% OF STRIDE 
x SuBJECT] cope | HEIGHT | WEIGHT 
3 --— 5-8 140 
2 
= Fig. 10) Verticat ANKLE Force; Four Supsects 
AVERAGE STANCE AVERAGE SWING 
Fig. 9 ContTrispuTION oF Reactions: Fore-anp-Arr MoMENTS; 
SuBJsecT 1 3 
moments, computed for four subjects, are shown in Figs. 10 to 3 
14, inclusive. The values plotted are the vertical force at the a 
ankle (Fig. 10), fore-and-aft moments at the ankle, knee, and hip 8 
(Figs. 11, 12, and 13), and lateral moments at the hip (Fig. 14). 
These curves were selected as the most important ones, particularly : 
from the point of view of magnitude. In these figures the time F 
scale is plotted as per cent of the time for one complete stride, in . 
order that the phasic activity of the four subjects can be most 

The examination of the comparison curves for four subjects 7 100 
illustrates the degree of variation between the individual sub- . TIME --> PERCENT OF STRIDE 
jects. Notwithstanding the large variations in magnitudes of the . 

peak values and their phases relative to heel strike, the general a” 
patterns of the curves discussed with reference to Figs. 7 and 8 Fic.-ll Fore-anp-Arr ANKLE Moment; Four Supsscts 
are apparent. 

The curves shown are but one way of plotting the results of the — without the mention of the bone forces. Only the muscies’at a 
calculations. If one chooses to ignore the inertial effects andthe — joint ean provide the moments, and since they act only in teasion, 
weight of the segments of the leg, a very convenient method of — the resultant force at a joint at the times when moment is evi- 
representing the results would be that employed by Elftman and — denced can be compressive only if the bone forces are very high 

7 his co-workers at New York University. This consists in plotting compressions themselves. Since nmfuscles may also act to op- it 


the positions of the segments in space as lines, and showing the pose each other at a joint so that there is no resultant mo 
accompanying floor reactions as vectors with the proper magni- ment, high compressive bone forces may be expected at times 
tude, direction, and point of application. By prolonging the line when there is no moment. It is not jinreasonable to expect 
of action of this force vector, one may note by inspection the that at such times as push-off the bone forces may easily 
> orientation of the joints of the leg with respect to the line of action exceed twice the body weight. Inman (20) has investigated 
of the ground force. One of the limitations of this method is that forces acting on the femur at the hip joint under several static 
the walking cycle must be broken into many small intervals if one — conditions. He found that under these conditions the force on the 
is to obtain a reasonable picture of the gait of the individual—a — femoral head is 2.4 to 2.6 times as great as the body weight, while 
procedure of dubious economy, compared to the instantaneous — the tension in the abductor muscles is 1.4 to 1.9 times the body 
indications of such curves as are presented herein. weight. The magnitudes of the lateral hip moment used in 
No study of the mechanics of locomotion would be complete | Inman’s investigation approach closely the peak values computed 
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during level walking, and hence his results are indicative of 
forces acting at the hip joint during normal locomotion. Elftman 
(15) has made some computations of this nature, using such 
simplifying assumptions as the moment arms of the different 
muscles, and their time of action. 


Fore-anp-Arr Hip Moment; Four Sussects 


Auxiliary studies of phasic 
activity of the muscles have shown, however, that any such 
calculations at this time would be, at best, first approximations. 

It is apparent from the foregoing discussion that the variations 
of forces and moments in the leg joints are closely related to the 
mechanical functions of the leg in walking. These relationships, 
in addition to the studies of energy of human locomotion, in- 
vestigations of the activity of different muscles of the leg, and 
the anatomical studies of leg-joint mechanisms (1) are necessary 
in Order to solve the problems confronting the orthopedic surgeon 
and the designer of artificial legs and braces. 
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Moscow, USSR, 1936. 
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The Philadelphia 


Summaries of the work which has been done by and 
for the Philadelphia Electric Company in ascertaining 
the degree of graphitization in the piping system in the 
Chester, Schuylkill, and Richmond Stations since the fall 
of 1946, are reported in this paper. The results of a full- 
size pipe tension test on a graphitized weld section are re- 
ported. Solution treatment for removal of graphitization 
is described with some physical test results. 


By J. B. ABELE! 


SECTION 1 By J. B, ABELE 


HIS report is a supplement to one presented in 1946, by 

Hopping and White,* and gives results of further studies 

and investigations covering a period of approximately 2 
years. The conclusions of the previous report, based upon the 
work done up to that time, led to a decision to continue the use of 
the pipe, and periodically to examine the welds further as a means 
of comparison and determination of increases, if any, in the for- 
mation of graphite. Such findings were to be used as a basis for a 
decision either to continue the use of the piping in its existing con- 
dition or to take appropriate steps to remedy this condition. The 
piping under investigation was as follows: 

Chester Station. Operating since 1941 at a pressure of 1250 psi 
and 925 F; killed with '/2 lb of aluminum per 
ton of steel. 

Schuylkill Station. 
psi and 900 F; carbon-moly pipe, 
per ton of steel. 

Richmond Station. Operating Since July, 1943, at a pressure 
of 400 psi and 850 F; carbon-steel pipe. From 1935 to July, 1943, 
the operating temperature was 875 F with oceasional swings to 
900 


carbon-moly pipe, 


Operating since 1938 at a pressure of 1250 
killed with 1.8 lb of aluminum 


OrPerRATING aT CHESTER AND SCHUYLKILL 
STATION 


Since the previous report, samples have been removed from all 
three stations for investigation. 

At Chester Station, where approximately 20,000 service-hours 
have been added since the previous report, no appreciable amount 
of graphite has formed on either side of the welds in the heat- 
affected zones cr in the pipe metal. 


1 Senior Engineer, 
Pa. 

2 Director of Engineering Research Institute, University of Michi- 
gan, Ann Arbor, Mich. Fellow ASME. 

* “Report on Graphitization Studies in High-Temperature Welded 
Piping of the Philadelphia Electric Company,” by E. L. Hopping 
and A, E. White, Trans. ASME, vol. 69, 1947 (see “‘Graphitization 
of Steel Piping,” special pamphlet). 

Contributed by the Joint Committee on Effect of Temperature 
on the Properties of Metals and Powér and Metals Engineering 
Divisions and presented at the Annual Meeting, November 28- 
December 3, 1948, of Tue AMertcan Soctery or MecHANICAL 
NEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No, 48—A-94. 
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Philadelphia Electric Company, Philadelphia, 
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Electric Company 
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samples from the same welds showed no graphite in either the 
heat-affected zones or the pipe metal. Samples, however, have 
been removed from other welds where small amounts of nodular 
graphite were found. The conclusion, therefore, up to the present 
time and after 50,000 hr of service, is that very little graphite will 
form in the welds at Chester Station; however, occasional check 
examinations will be made in the future. 

At Schuylkill Station the situation 
Since the previous report, additional san., 
They were taken from welds previously se 
additional 25,000 hr of service. In two of che samples examined, 
the amount of graphite in the heat-affecte | zones appeared to be 
somewhat than was found in 
samples previously examined from the same welds. In another 
sample, the graphite did not appear to be quite as severe as that 
found in the sample previously examined from the same weld. 
In view of these findings, it is intended to remove completely one 
of these welds for mechanical tests, since metallographic examina- 
tion does not give a quantitative measure of the degree of deterio- 
ration of the properties due to the presence of graphite. 

The indicated increase in severity of graphite may be evidence 
of increased graphitization since the last examination, but this is 
not conclusive because previous work has shown that the amount 
of graphite varies considerably around the circumference of the 
weld. It can be stated, however, that the added graphite, if any, 
is quite small for the added service period of approximately 25,000 
hr. At present, therefore, it is believed that, while there ar 
indications of a slight increase in graphite in the welds at Schuyl- 
kill Station, it has not progressed to a point where continued use 
of the pipe in its present condition would be unwise. 
of future examine 
Schuylkill Station. 

It is thought tha! the small amount of aluminum used in killing 
the steel for the piping at Chester Station, as contrasted with the 
larger amount used for the Schuylkill Station piping, is the reason 
for the difference in the amount of graphite found in the welds at 


2 somewhat different. 
have been removed. 


pled and represent an 


greater and more continuou. 


The results 
ions wil! determine the action to be taken at 


the two stations. 


Deratts or Tests ar RicHMOND STa TION 


At Richmond Station a full section of 20-in-OD carbon-stec! 
pipe was removed for a tension test. The section was approxi- 
mately 3 ft long with a weld in the center and was tested on the 
4,000,000-Ib tension testing machine at the shops of the American 
Bridge Company, Ambridge, Pa. Fig. 1 shows the specimen be- 
It consisted of the se two internally — 
tapered transition rings, and two massive pulling heads. Twelve 
Baldwin Southwark SR-4 strain gages were used to measure 
Four gages were placed on the weld, 90 deg apart and 4 
gages were placed on the pipe 90 deg apart on each side of the 
weld. 


fore testing. ‘ction of pipe, 


strain. 


The cross-sectional dimensions of the pipe, the data developed 
from the test loading and the strains measured with the SR-4 
gages are given in Table 1. Yielding of the steel in the pipe metal 
on one side of the weld occurred at a load of 1,200,000 Ib, whichis 
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DIMENSIONS, TEST LOADING, AND MEASURED STRAINS FOR WELDED JOINT IN 20-IN, PIPE FOR PHILADELPHIA 
ELECTRIC COMPANY 
\ 


Outside diameter of ,ipe 

Inside diameter of pipe 

Wall thickness -906 in.Hominal 
Cross-sectional area of pipe 54.35 aq.in. Nominal 


Strains Measured with SR-4%eu“es (Micro-inches per inch) 


Gauges on Weld Gauges on Pipe 


102 95 145 
2h6 262 
575 578 687 
Yield point in south half 
763 767 1139 
3 617 3 WT 


88 
§ 88 8888888. 


Yield point 
1149) «#1 
bad 1 


ER BAIR Boe 
88 8888838. 
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TABLE 2 ELONGATION MEASUREMENTS FOR WELDED JOINT IN 20-IN. PIPE FOR PHILADELPHIA ELECTRIC 
COMPANYe 


Rortherly Half 


38 JANUARY, 1950 
=- 
Total Strese on 3 
Load Nominal > 
Cross- wary . 
Area of Northerly Half Southerly Half 
Pipe 
(1b) (pet) Br BB EE Bu ar AB AE AW Cw 
73 51 go 108 89 30 
206 18 213 160 283 2 258 253 ‘tare 
483 251 460 412 616 491 583 50l ) 
Yield point in veld - 
636 339 59h 532 642 766 581 
571 811 717 765 818 988 1 
761 1463 1 302 1 155 881 
ee -- - in north half 
Th 1496 2561 2 529 13552 1101 
. -~ Pipe fractured at heat affected zone along south side of weld. fry 
j 
= @ 
Gauge Lines Southerly Balf 
1 2 5 Av. 4 Av. 
Length before test -998 1.001 1.000 1.000 1.002 1.000 
Length after test ft) 1.018 1.018 1.010 - 1.081 1.045 
Blongation after ( (ft) .020 -O17 010 - -040 - 
: fracture ( 2.0 2.7 1.0 1.6 &.0 4.5 4.3 
a : a Fracture was outside both sets of gage lines J li 
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equivalent to a stress of 22,080 psi. The strains measured by the 
SR-4 strain gages on the weld indicate that the weld metal also 
yielded at this load which is equivalent to a stress of about 19,280 
psi in the weld metal. The yielding of the steel in the pipe metal 
on the other side of the weld occurred at a load of 1,750,000 Ib 
which is equivalent to a stress of 32,200 psi. The elongation meas- 
urements are listed in Table 2. It is to be noted that neither set 
of measurements listed in Table 2 encompass the fracture of the 
specimen, 

The fracture occurred in the weld-heat-affected zone and had 
three zones of distinctly different appearance; an outer zone of 
black and gray conchoidal fracture which is identified as graphi- 
tized steel extending in varying widths all around the fracture; a 
zone Of a dark fine granular fracture extending around one- 
quarter of the pipe; and an inner zone, the largest, of a normal- 
appearing white fine granular fracture. Fig. 2 is a general view of 
the fracture, and Figs. 3 and 4 are detail views of a portion of the 
fracture. 

From Table 1 it will be noted that the specimen broke in the 
weld at a load of 2,545,000 Ib, equivalent to a fiber stress of 46,830 
psi. The original tensile strength of the steel as reported by th 
mill was 70,900 psi. Probably half of the reduction in strength 
due te the annealing effect from a service of 92,000 hr at temper: 
tures ranging from 850 to 875 F, with occasional swings to 900 | 
The balance of the reduction to 46,830 psi is due, without doub 
to graphitization. While a stress of 46,830 psi provides an amp 
factor of safety in a sound weld, resistarree to thermal shock is « 
great importance and provision for this in a weld of this kind 
none too good. 

The appearance and nature of this fracture led to a decision | 
correct the condition at the earliest convenient time. Consider: 
tion was given to replacement of all the affected piping. An it 
vestigation, however, of the steel.a short distance from the weld 
showed that the mechanical properties and the structure of tl 
steel had not been unduly impaired, although the tensile strengt! 
had dropped to about 54,000 psi through normal service cor 
ditions but with no loss in ductility. It seemed inadvisab 
therefore to remove the pipe, and consideration was given to th 
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Fig, Deraiceo View or Test Seecimen Arrer Fracrune 
placement of the welds or to a solution treatment of the welds to 
disperse the graphite. 

Earlier work in normalizing at 1700 F at the University of 
Michigan together with more recent work at the same institution 
convinced us that this method offered a possible effective means of 
restoring graphitized welds. 


So.uTIon TREATMENT TO DisreRsE GRAPHITE 


Investigation by A. E. White at the University of Michigan, 
discussed later on, disclosed the fact that solution treatment, 
followed by proper stress relief placed the graphitized metal in a 
safe state of strength and ductility. Therefore, it was decided to 
repair the pipe by this method rather than replace the welds. The 
latter method would require more time and involve greater 
cost. 

A careful investigation of the practical application of solution 
treatment of welds in the field also indicated that the work could 
be speedily and successfully done. 

The procedure finally agreed upon was as follows: Heat to 
1700 F at a rate not to exceed 300 deg per hr from 1000 F to 1700 
I’. Hold at 1700 F for 2 hr. Control cooling from 1700 F to 1200 
F at a rate not to exceed 100 deg per hr. Allow to cool, uncon- 
trolled, from 1200 F to approximately 700 F. Stress-relieve by 
raising temperature to 1275 F at a rate of 400 deg per hr. Hold at 
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Fic. 3) Detaicep View or Test Specimen Arrer Fracture 
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‘ 
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4 
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Fic.2 L View or Test Specimen Arrer Fracture 


Fie. 5 Heating ARRANGEMENT ON EXPERIMENTAL Piece 


1275 F for 1 hr per in. of thickness. Cool to 700 F at a rate of 200 
deg per hr. Allow to cool uncontrolled from 700 F. 

A method of electronic heating was discussed with the engineers 
of the Radio Corporation of America. This method, however, 
was not practical because of the mass of metal involved. Caleula- 
tions indicated that approximately 40 kw of radio-frequency 
power would be required to maintain a band 6 in. wide at 1700 F 
in the 20-in-OD pipe. While it is true that their 75-kw gen- 
erator would produce enough heat to perform the normalizing 
treatment, it was felt that the portability and the relatively great 
expense of the equipment made its use impractical. 

Heating with gas was considered, but this too was thought to be 
impractical since it was felt that it would be difficult to maintain a 
uniform heat around the entire circumference unless an oven or 
muffle was built around the pipe. Because of insufficient clear- 
ances and other interferences in many cases, such a muffle could 
not be used. 

Induction Method of Heating Pipe. 1t was finally decided that 
the induction method was the most logical one to use and, ac- 
cordingly, experimental tests were run on a short length of 20- 
in-OD pipe. Because of the extreme temperature and high am- 
perage required, water-cooled coils were used. 

Twelve turns of #/sin-OD 0.035-in-wall copper tubing were 
used on each side of the welded joint (24 turns total). The turns 
were arranged so that the cooling water was discharged and fresh 
water was admitted for each 3 turns around the pipe. Four 60- 
kva stress-relieving transformers were used, making a total of 240 
kva available. They were connected, two in series, to each heat- 
ing coil with a separate control cabinet for each set of transformers. 
A water relay was used with each cabinet to shut the power off 
automatically in case the cooling-water supply failed. The leads 
between the transformers and heating coils were made up of 
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our welding leads in parallel 100 ft long. Fig. 5 shows the setup 
on the experimental piece. ‘ 

Experiments were alse conducted in an effort to determine 
whether or not scale formation could be prevented or at least 
ninimized. The amounts of scale formed were compared for (1) 
pen-ended pipe with a free circulation of air, (2) dead air by 
lanking each end of the pipe, and (3) by the use of inhibitors 
uch as helium, nitrogen, and CO. While the amount of scale 
aried between methods, the total in no case was considered great 
nough to warrant the use of any of the special methods; the con- 
lusion being that there would be no more scale than is found 

1 the welded joints of a new installation. 

Formulating the Solution Treatment. In formulating a program 
w the solution treatment of the welds at Richmond Station, it 
‘as decided to remove additional boat samples from welds repre- 
enting the various materials and combinations of materials. 

Samples were removed from pipe to pipe joints both in the 16-in. 
nd 20-in. seamless pipe, and from pipe to pipe joints as well as 
rom longitudinal welds in the 24-in. fabricated pipe. While 
raphite was found in the 16-in. and 20-in. welds, no graphite was 
yuund in the 24-in. fabricated piping, due, we believe, to the high 
ilicon content of the plate material. 

In passing, it will be of interest to note that a gas shop weld in 
he 20-in. pipe was examined and no graphite of other detrimental 
tructural alterations were found in it. It would be unwise, how- 
ver, to draw too general conclusions from the examination of a 
ingle weld. 

Material for the castings for the gate and nonreturn valves 
ontained approximately 1.00 per cent nickel, 0.70 per cent 
hrome ami 0.50 per cent molybdenum. No samples were re- 
10ved from the welds at these valves since it was reasonable to 

assume that little or no graphite exists on the valve side because 

of their high chromium content. Also, these welds were to be 
safeguarded by a solution treatment. 

Valve Tests. It was feared that some valve distortion might 
occur with the 1700 F temperature heat, making it necessary to 
repair or reseat the valves; therefore, temperature measurements 
were taken in the castings to provide data for future temperature 
applications to valve welds. The nonreturn valves are Schutte 
& Koerting 16-in. double inlet, 20-in. single outlet. Thermo- 
couples placed on the body at the center of the valves during 
solution treatment of the weld on the 20-in-diam outlet, which 
was 28 in. away from the center line of the weld, indicated a tem- 
perature of approximately 575 F. Removal of the bonnets of 
these valves after solution treatment and an examination of the 
trim, and a subsequent pressure test, showed that there had been 
no distortion of the seating surfaces. Similarly, thermocouples 
placed on the body of the 20-in. gate valves, 12 in. from the weld 
showed a temperature of 800 F. It is evident, therefore, that a 
temperature of 1700 F at the welding ends of valves of comparable 
size will not affect the trim of valves adversely. 

Some thought was given to adequate bracing of the piping 
during solution treatment because of the plastic condition of the 
weld metal and of possible strain in the piping. It was finally 
decided that no elaborate means of bracing need be used, a de- 
cision which proved to be correct. 

Electrical Energy for Solution Treatment. Electrical energy for 
the solution treatment at Richmond Station was delivered 
through a 600-kva temporary power bank, installed to provide 
440-volt 3-phase power from the 2300-volt bus. Temporary 
feeders were installed to the distribution center located in the 
vicinity of the work to be performed. The stress-relieving trans- 
formers were placed at a central location and connected to the 
distribution center in such a manner that all transformers on any 
one joint were all on the same phase. The data in Table 3 show 
the requirements for heat-treatment. 
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TABLE 3 HEAT-TREATMENT DATA 


Actual kva required to normalize 20-in. pipe......... 
Average primary voltage required. . 


Average secondary voltage required ‘at pipe. Per ee 62-65 
Average secondary voltage required at transformer. . . 70-72 
Average secondary amperage................ ... 1100-1200 
Water flow through 1 coil (3 turns), gpim, approx ai dane 1-*/¢ 
Water flow through 8 coils (24 turns), gpm, approx... 15 
Water pressure at header, psi..................555. 24 


4 24 turns of 3/s-in-OD, 0.035-in-wall, ‘copper tubing i in- 
sulated with woven asbestos........ 
Pipe insulated with 4 layers of ! s-in. x 10-in. asbestos 

paper. 
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FIG 6 TYPICAL NORMALIZING & STRESS RELIEVING CHART 
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Fig. 6 is a typical time-temperature chart showing the tem- 
peratures at the weld and at various distances from the weld 
Fig. 7 is a 


during the solution and stress-relieving treatment. 
schematic layout of the equipment used. 
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All welds in the high-pressure piping system at Richmond Sta- 
tion were solution-treated with the following exception: The 24- 
in. fabricated pipe where no graphite was found, and the pipe 
from the superheater header to the nonreturn valve on one boiler, 
which was replaced with one-half chrome and one-half moly pipe 
left over from Southwark Station. 

Twenty-Nine Welds Treated. Twenty-nine welds were solution- 
treated and the work was completed in nineteen 24-hr working 
days, thus effecting a material time-saving over and above that 
which would be required were the graphitized welds cut out and 
replaced with new welds. It is felt, however, that the treatment 
has removed a latent critical condition, either temporarily or 
permanently, and substantially prolonged the useful life of this 
pipe, although it is not necessarily to be construed that this 
method should be used if graphitization has advanced to an undue 
degree. 

Later samples will be removed frem time to time and a future 
course of action will depend upon the findings. 


SECTION 2 By A. E. WHITE 
RESTORATION OF PROPERTIES OF 
Grapurrizep Sections sy Heat-TREATMENT 


Mr. Abele has pointed out that this author would deal with the 
subject of the restoration of the properties of graphitized weld 
sections by heat-treatment at the Richmond Station of the 
Philadelphia Electric Company. 

The restoration of graphitized weld sections was advanced by 
the author in 1943, and a report covering some preliminary work 
in this field was given to the Philadelphia Electric Company on 
February 5, 1944. The restoration procedure, from a laboratory 
standpoint, is simple. It merely involves heating graphitized 
sections above the upper critical temperature for a sufficient time 
so that all of the graphite will go back into solution, with a time 
interval at this temperature sufficient to provide for the best 
possible dispersion of the resultant carbide. In this connection, a 
temperature of 1700 F continued over a period of 2 hr has been 
found adequate for graphitized-pipe weld sections. 

No claim is advanced that the restoration of graphitized welds 
by solution treatment, which is the term commonly used to 
describe the heat-treatment, can be employed successfully in all 
cases. If the graphitization is too pronounced, some claim small 
disconnected sections or cavities might remain where the graphite 
had been, even though the conversion of graphite to carbon was 
complete. Also, there is a possibility that, due to location, not all 
types of graphitized welds might lend themselves to a solution 
treatment. A weld adjacent to a valve might be a case in point. 
However, as the technique of solution treatment advances, it is 
expected that less and less difficulty will be encountered in this 
respect. 

With this background, serious consideration was given to 
restoration of the graphitized welds at the Richmond Station by 
solution treatment. This was because of the marked degree of 
graphitization found in a full-size pipe section that was broken at 
Ambridge, as well as the evidence of considerable graphitization 
obtained from boat samples and full-size pipe sections which had 
been removed from service for purposes of investigation. 

Prior to the adoption of the solution treatment for the removal 
of graphite from many of the welded pipe sections, numerous 
solution treatments were run on smal! samples to show that the 
graphite could be put into solution. This was then followed by 
laboratory solution treatments on tensile specimens, accompanied, 
in some cases, by stress relief, 

A summary of some of the most important of these tests is 
given in Table 4. It should be noted that the test sections re- 
moved early in 1948, for which figures are given in this table, were 
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TABLE 4 ROOM-TEMPE week ry TENSILE PROPERTIES FROM PREVIOUS ere ON 20-IN-DIAM WELDED 
ARBON-STEEL PIPE FROM RICHMOND STATIO 
Tensile 0.2% Offset Elongation Reduction Year of 
Location of Strength Yield Strength in 2 In. of Area Removal of 
Test Section Heat Treatment (psi) (pei) (%) (#) Location of Fracture Weld Section 
(The Gage Section of the Samples Was 0.750-Inch Thick, 1.25-Imches wide and 3-Inches Long) i 
Across weld As removed from service 51,300 ° 12.0 11.4 Graphite concentration 1915 
Across weld As removed from service 57,700 12.0 27.5 Graphite concentration 19h5 F 
Across weld As removed from service 48,900 10.0 5.4 Graphite concentration 1945 
Across weld As removed from service 51,900 11.0 6.5 Graphite concentration 1945 


Pipe metal As removed from service 51,650 
Pipe metal As removed from service 51,125 


Across weld As removed from service 57,140 37,700 34.0 33.5 Pipe metal 2 19,8 
Across weld As removed from service 60,000 37,900 25.4 47.1 Weld metal 1948 
Across weld As removed from service 58,200 35,400 14.0 1L.6° Graphite concentration 1948 
Across weld As removed from service 60,600 36,000 17.0 16.0 Graphite concentration 198 


Across weld 1600°F, 2 hr, A.C. 66,600 44,000 


Across weld 1700°F, 2 hr, A.C. 65,760 41,600 
Across weld 1700°F, 2 hr, A.C. 64,630 40,800 


23.5 “32.8 Weld metal 
19.0 28.8 Weld metal 198 
13.0 22.0 Weld metal 198 


Across weld 1700°F, 2 hr, A.C. + 62,700 39.400 
1 hr at 1200°F i 
* Across weld 1760°F,, 2 kr, A.C. « 55,200 39, 300 


1 hr at 1200°F 


29.0 47.5 Weld metal 


31.0 39.2 Weld metal 1948 


Across weld 1700°F, 2 hr,A.C. + 58,500 36,000 
2 hr at 1275°F 
Across weld 1700°F, 2 hr, A.C. + 58,100 34,800 


hr at 1275°F 


strength, elongation, and reduction of area. 
Nore: A.C, = air cooled. 


from a weld which was graphitized to approximately the same de- 
gree as existed ~ the weld broken at Ambridge, which is illus- 
trated in Figs. 2, 3, and 4. These results, together with the com- 
plete lack of evidence of graphite in the solutiOn-treated samples, 
showed this treatment to be so promising that it was adopted as a 
method of restoring many of the graphitized sections in the car- 
bon-steel pipe at the Richmond Station. The word “many” is 
used because a few of the graphitized welds, due to location, or 
some other cause, were removed and replaced by new welded 
sections. 

It will be noted that greater ductility was found in the sample 
solution-treated at 1600 F than in the samples solution-treated at 
1700 F. It was felt, however, that a solution treatment at 1700 F 
would be preferable to a solution treatment at 1600 F because of 
greater assurance of a more complete dispersion of the carbides. 
However, the greater ductility found with a 1600 F solution 


treatment led this author to suspect that a stress relief would . 


improve the ductility of the metal which had undergone a 
1760.F solution treatment. When tried, this proved to be the 
case and, because a stress relief of 1275 F gave superior ductility 
to the metal fo a stress relief of 1200 F, the former was adopted. 
The procedure finally adopted, therefore, was to give the graphi- 
tized welds a solution treatment at 1700 F for 2 hr, followed by a 
stress relief of 1275 F for 1 hr per in. of metal thickness. 

In the investigation weld-préber samples were taken from two 
graphitized weld sections and examined at the University to de- 
termine which one of the,two secticns contained the greater 
amount of graphite. These sections were designated as weld A 
and weld B. From the graphitization standpoint, little difference 
was found in the two sections and was less than had been found in 
other sectiens previously examined, although weld A appeared to 
have slightly more graphite than weld B. Weld A, therefore, was 
the section selected for a solution treatment, with a subsequent 
stress relief. Both sections were removed from the pipe line 
and, after weld A was given the solution treatment, followed 
by stress relief, at the Richmond Station, they were shipped to the 
University of Michigan for examination. 


* Yield strengths were not obtained on these samples because at “the time the tests were made interest centered only on tensile 


33.5 56.8 Weld metal 19L8 
33.0 54.6 Weld metal 19L8 


~* om 
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The pipe was purchased to ASTM Specification A-106-33T 
Grade B. The samples were 16 in. diam with wall thickness of 
0.745 if. and were 18 in. long with the weld in the center. 


The mill analysis was reported as follows: 


Per cent 


Silicon... .. Not given 


The physical properties, as reported by the mill, are as fol- 


lows: 
Tensile strength, psi..... T0900 
Elongation in 2 in., per cent..... eee 35 


The average operating temperature of the pipe sections since 
July, 1943, was 850 F, although from 1935, to July, 1943, the 
eperating temperature was 875 F, with momentary swings to as 
high as 900 F. The pipe sections had been in service 92,000 
hr. 


PROPERTIES OF WELD B 

The room-temperature tensile properties of the welded carbon- 
steel pipe known as weld B are given in Table 5. It will be noted 
that, although the test specimens included the weld sections and 
the heat-affected zone sections wherein the most graphite would 
be found, the specimens all broke in the unaffected-pipe-metal 
sections. The values in the table, therefore, are more indicative 
of the values that would be found in the pipe metal than of the 
values that would be found in the metal in the weld or in the 
heat-affected zone. Attention is called to the fact that, although 
the pipe metal was reported as having a tensile strength of 70,900 
psi, the tensile strength of the pipe metal after 92,000 hr of service 
averaged 56,375 psi. . 


PROPERTIES OF WELD A SOLUTION-TREATED 


By far the nial amount of this particular investigation re- 
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(Intermediate field weld between pieces MS-12 and MS-43 
oiler. 
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TABLE 5 ROOM-TEMPERATURE TENSILE PROPERTIES OF WELDED CARBON-STEEL PIPE FROM 
THE RICHMOND STATION AS REMOVED FROM SERVICE 


Weld prober samples 16R, 17R, 21R, and 22R had previously been removed from this weld.«) 


in the 16-inch down-river superheater piping of No. 66 


° 
Tensile 0.2% Offset Elongation Reduction &. A 
Strength Yield Strength in 2 In. of Area a . 
Sample Location of Gage Section 4 (psi) Location of Fracture 
(The gage section of the samples was 0.50-inch thick, 1.25-inch wide, and 3-inches long.) 
A-) Across weld 56,200 35,500 40.0 68.0 Unaffected pipe metal 
Across weld $6,800 35,200 40.0 67.0 Unaffected pipe metal 
Bel Across weld 36,000 39.0 67.0 Unaffected pipe metal 
B-2 Across weld 56,100 32,900 38.0 6.1 Unaffected pipe metal : 


t 
3 


Fic. SkeTcH SHowinc Location or Test Sampies Pipe 
CIRCUMFERENCE 


Weld-prober samples had been removed from locations labeled 14R, 15R, 
19R, and 20R.) 


lated to the studies which were made on the section of the welded 
carbon-steel pipe which was given a solution treatment, followed 
by a stress relief, at the Richmond Station of the Philadelphia 
Electric Company. Details with regard to the heat-treatment 
given this pipe section are covered in the portion of the paper by 
Mr. Abele. 

Test Procedure. The test procedure which was followed in the 
examination of this pipe at the University was as follows: 

| The section of the pipe was cut into longitudinal strips to 
supply samples for macro- and microexaminations and for tensile 
iests, as indicated in Figs. 8, 9(a), and 9(b). 

2 Strips from four quadrants were macroetched the full 
length of the pipe sample to check the structure at the weld and 
at the heat-affected zone resulting from the solution treatment. 

3 Metallographic examinations were made to determine if the 
graphite at the heat-affected zone of the original weld had been 
dissolved and to show the microstructure resulting from heat- 
treatment. 


4 Tensile tests were conducted at room temperature to estab- 
lish the physical properties of the metal in the weld area and 
through the adjacent pipe metal following the solution treatment. 


* The degree of graphitization was not severe as is shown in Report No. 39. 
Nore: The samples were taken from four quadrants of the pipe, 90 deg apart. 


The locations of the tensile test sections are shown in Fig. 9(b). 
Attempts to force fracture at the outside of the original weld- 
heat-affected zone, where the concentrated graphite had dissolved, 
were not successful. 

Wherever possible, rectangular test specimens with a gage 
section 0.50 in. X 1.25 in. X 3 in. were used. The pipe sample 
was so short that it was necessary to use 0.505-in-diam test speci- 
mens when testing the material heated between the critical tem- 
peratures during the solution treatment. 7 


GENERAL RESULTS OF STUDY 

Physical Tests. The results of the tensile tests on the solution- 
treated pipe given in Table 6 indicate that the solution treatment 
and stress relief produced a materia! with satisfactory strength 
and ductility. The following additional comments are offered: 

1 When the gage section of the test specimens was placed 
across the weld, the weld-deposited metal was the weakest, and 
fracture occurred at that point. The area where graphite had 
originally been concentrated, the coarse-grained area, had the 
higher strength. 

2 When samples were machined (A2-10D and A3-3U) which 
covered the zone from the weld to a point where the temperature 
reached the upper critical temperature during solution treatment, 
the strength and ductility were both higher than that in the weld 
metal. It was not possible to force fracture at the region of 
graphite concentration before solution treatment in order to de- 
termine the ductility at that point. 

3 The metal heated between the critical temperatures had 
strength about the same as the weld metal and somewhat lower 
elongation. This comparison is not to be interpreted too literally 
because, in order to test this section, it was necessary to use 0.505- 
in. test bars, whereas the other test bars were 0.50-in. X 1.25 in. 
X 3in. The important point is that this portion of the solution- 
treated pipe had adequate strength and ductility. 

4 Test data are not available for pipe metal heated at the 
lower critical temperature or the pipe metal not affected by the 
solution treatment, as the length of pipe supplied was cut just 
beyond the point where the temperature reached the lower 
critical. 

As removed from service, there was very little difference in the 
amount of graphite in the two weld sections submitted for this 
investigation. Weld A had, at most, only slightly more graphite 
than weld B. Therefore the graphitization in weld A before 
solution treatment can be inferred to be about the same as that 
in weld B. The results of the tensile tests as given in Table 5 for 
weld B, therefore, can be assumed to be representative of what the 
tensile tests would show for weld A before solution treatment. 

Although none of the samples broke in the heat-affected zone 
in any of the tests reported in Tables 5 and 6, it is evident 
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Upper Critical Temperature 
7 Lower Critical Temperature ——— 


hic. Location or oF Pierre Secrion 
(> Refers to plate numbers) 


weld | 
metal 
¢ 
i 
weld 
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Samples A2=10D and A}-3U 


metal 


Samples 43-5U, A3-SD, Al-SU, 


Fra. 9(6) Location or Gace Section or Tensite Specimens or Pree Seerion 


TABLE 6 ROOM-TEMRERATURE TENSILE PROPERTIES OF WELDED CARBON-STEEL STEAM PIPE FROM THE 
RICHMOND STATION AFTER FIELD HEAT-TREATMENT TO DISSOLVE GRAPHITE 


° (Center of weld heated to 1700 F for 2 hr, slowly cooled, and stress-relieved at 1275 F. Fig. 2 shows location of test coupons with 
position of gage section shown in Fig. 3.) 
Tensile 0.2% Offset Elongation Reduction 
Strength Yield Strength in 2 In. of Area 
Sample Location of Gage Section (psi) (psi) (4) (8) Location of Fracture 
(The gage section of the sanples below was 0.50=inch thick, 1.25=inch wide, and i-inches long.) . 
Al-3 “Across weld including original 56,700 30,100 33.0 6.9 Weld metal ie 
weld heat-affected zones 
- A2=3 Across weld including original 54,700 32,100 31.0 56.5 Weld metal 
weld heat-affected zones 
A3-k Across weld including original 56,700 3h , 300 27.0* 36.1* Weld metal 
weld heat-affected zones 
Al-3 Across weld including original 55,900 31, 300° 32.0, Yield netal 
weld heat-affected zones 7 
7 A2-10D Downstream pipe metal heated 58 ,000 37,500 43.0 59.9 —------- hs 
above upper critical temperature 
A}-3U ~=Upstream pipe metal heated 59,600 35, 300 43.0 59.8 
above upper critical temperature 


(The gage section of the samples below was 0.505=-inch diameter and 2<inches long.) 


A3-5U Upstream pipe metal across upper. 56,100 30,000 30.5 64.5 
critical temperature zone 
Pipe metal heated to 
A3-5D Downstream pipe metal across upper 54,900 30,500 2° .0 .0 
= critical temperature zone temperature between upper 


and lower crifical tem= 


all Al-5U Upstream pipe metal across upper Sh, 300 27,900 28.0 65.2 perature during solution 
critical temperature zone treatment. 
Al-SD Downstream pipe metal across upper 56,800 30,500 29.5 - 64.0 
critical temperature zone 


* Sample A3-4 fractured through a flaw in the weld metal. 
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Fic. 10 or Wetp Section or Macroercuep 


From Four QuapRANTS OF Pipe Section A 
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structure would have resulted as has been the case in all of the 
samples which were laboratory solution-treated. 

Macrographic and Metallographic Studies. Macroetching of 
samples from quadrants of the pipe section known as weld A give 
the results shown in Fig. 10. 

Metallographic examination of this same weld area gave the 
following results: 


1 No graphite could be found at the location of the original 
heat-affected zone. Slow cooling during the solution treatment 
produced annealed types of structures. 

2 A band of comparatively coarse grains was located parallel 
to the weld and at a location believed to be that of the outside 
edges of the heat-affected zones of the original weld where the 
more concentrated graphite had formed during service. Fig. 11 is 
representative of both the upstream and downstream weld-heat- 
affected zones of all four quadrants of the solution-treated pipe. 
Fig. 12 is fairly representative of all of these sections before solu- 
tion treatment. 

The band of comparatively coarse grains shown in Fig. 11 is 
believed to be due to the slow cooling to which this pipe was 
subjected following its heating to 1700 F. Had the rate of cooling 
been more rapid, equivalent to that used in normalizing, it is be- 
lieved that a normal fine-grained structure would have resulted 

Naturally, during the solution treatment, a temperature 
gradient would exist from the center of the weld along the pipe in 
both directions. The zones in these different gradients were 
examined but nothing of moment was found, although mention is 
made of a graphitelike substance found about 1 in. from the 
heat-affected zone which showed slight discontinuities. 


CONCLUSIONS 
The field solution treatment resulted in the metal in the weld 
zone having the same strength and ductility at room tempera- 
tures as was found in the original pipe metal after it had been 
subjected to service for 92,000 hr. As was expected, the weld- 
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Fia. 11 


X 1000 


REPRESENTATIVE PHOTOMICROGRAPHS OF UpsTREAM AND DownsTreAM Wevp-Heat-Arrectep Zone or ALL Four QuADRANTS 


or Pipe SEcTION 


that the solution treatment did not affect the properties of the 
metal adversely in the weld areas as a result of the conversion of 
the graphite in the heat-affected zone. This statement is made in 
spite of the rather large grains found in the heat-affected zones, 
which resulted from the very slow cooling of the metal during the 
solution treatment, as shown in Fig. 11. 

It is believed that if a more rapid rate of cooling from the 
solution-treatment temperature had been adopted, a fine-grained 


deposited metal was the weakest. The strength values were 
somewhat lower than those which previously have resulted from 
laboratory normalized samples because the heat cycle of the field 
solution treatment involved cooling rates slow enough to anneal 
the metal. 

Graphitization during service had not been severe enough to 
affect the strength of the welded section given a solution treat- 
ment. 
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No evidence was observed to indicate that the solution treat- 
ment had increased the amount of graphite in the pipe metal. 

Finally, although the physical properties of the solution- 
treated weld section were not materially different from those in 
the untreated weld section, because the amount of graphite in the 
untreated weld section was not sufficiently great to have any in- 
fluence on the properties of the sections in question, yet, it is be- 
lieved that the treatment was worth while in that it converted 
any possible concentrated graphite to a carbide, with a resultant 
good dispersion of the carbide, and thus would restore any badly 
graphitized sections to a serviceable condition. : 

In conclusion, it should be pointed out that this treatment is 
not one which will effect a cure, but one which will permit the 
continued use of the pipe for poesibi, as long as it had been used 
previously. Asstated by Mr. Abele, however, in his portion of the 
paper, these solution-treated sections, as well as all welded sec- 
tions, should undergo inspection at suitable intervals in the in- 
terest of safety. 
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Discussion 


F. Exper.e.t This paper is of considerable practical im- 
portance in that it shows a possibily effective procedure of solu- 
tion-heat-treating weld joints which are not too severely graphi- 
tized, thereby giving them, so to speak, a new lease on life. 
The authors used room-temperature tensile tests in conjunction 
with microscopic examination to evaluate the existing degree or 
extent of graphitization, low elongation and reduction of area 
plus failure in the zone of graphite concentration being the in- 
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Microstructure oF UpstreEAM AND DownsTREAM Heat-AFrectep ZONE OF WELD-PRoBEeR SAMPLE 15R 


(Sample removed prior to field solution treatment. Sample fairly representative of all four quadrants.) 


dicator of a potentially hazardous condition. This method of 
examination undoubtedly will reveal whether there is any danger 
to be expected due to shock, as illustrated by the original Spring- 
dale failure; but one may question whether it will also indicate 
the further behavior of such a graphitized weld joint at operating 
temperature when it is not exposed to shock. Therefore, it 
may be of interest to present here the result of a creep test which 
was made with a specimen containing a graphitized carbon- 
molybdenum pipe weld in the center of the gage length. 

Fig. 13 of this discussion shows the condition in the weld-affected 
This pipe joint had 
been in service for 5'/2 years at a temperature of 930-950 F. 
Graphitization, though discontinuous, was considered at that 


zone of the sample prior to creep testing. 


Fic. 13) Werp-Heat-Arrecteo Zone or Creep-Test Specimen 
Prior To Creer Testing 
(Nital eteh; X 100) 
time severe enough to remove this joint from service. , The speci- 
men prepared from it was tested at 1000 F under a load of 5000 
psi, which is the maximum allowable working stress given by the 


6 : TRANSACTIONS OF JANUARY, 1950 
| 
| | 
§ 


as 


WHITE—GR: AP HIT IZ: AT ION SI rUDIES, WE L DE D PIPING, 


ABELE, 


Boiler Code. We kept this specimen under test for 40,200 hr, 


during which it displayed the following rates of creep, expressed Sita 4 “t; 
in per cent per 100,000 hr: a <’ 
Fig. 14 shows the condition of the weld-affected zone after 
termination of the test. It will be observed that the manner 
and extent of graphitization is now in every respect as severe as it a te: eae ona 
was in the original failed Springdale pipe. The graphite is seen oe metas Avan 
to be almost totally concentrated in the grain boundaries, forming . As 
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(a) 


Pic. 14 Zone or Creer-Test Specimen & 
After 40,200 Hr at 1000 F Unper 5000 Psi 
(Nital eteh; x 100.) a 
She 


(b) 
Fic. 16 Unpissotvep Grapuire AND Microrissures IN WELD- 
ArrecTep Zone oF Creep-Test SpecIMEN 
(a, Unetched section; X500. 6, Lightly etched section; nital etch, 500.) 


a continuous chain through the entire cross section of the speci- 
men. One cannot help wondering why the latter did not rup- 
ture. It certainly would appear from this example that there is 
little likelihood of immediate danger at operating temperatures 
for weld joints in which graphite is present in a discontinous 
manner, provided of course that they are not exposed to shock. 
It may be necessary sometimes to make a decision as to whether 
a weld joint may be permitted to continue in service for a certain 
length of time before remedial measures are taken, To our knowl- 
. po - tgs edge, there are no means or methods of predicting safely if and 
Arter 2-Hr TREATMENT aT 1700 F, FouLowine 
Teseuanton oF Caan Test within what length of time a discontinuously graphitized weld- 
i > affected metal will develop dangerous graphite concentration 
(Light nital etch; 100.) 
= 
th =, 


Fic. 15 Zone or Creep-Test SPeciIMEN 
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or continuous grain-boundary chain graphite. The authors of 
the paper have observed that graphitization in some field welds 
was found to have increased very little, if at all, when checked 
again after 25,000 hr. 

Our own graphitization studies have led us to believe that 
stress is one of the most importart ‘factors in promoting graphiti- 
zation, and the outstanding factor in causing the formation of 
grain-boundary chain graphite. We are of the opinion that the 
graphitized weld from which the previously discussed creep-test 
specimen was prepared would not have deteriorated to the safne 
extent as the latter if it had been exposed to the same tempera- 
ture and for the same length of time in the unstressed condition. 
Elimination of stress concentrations in the weld-heat-affected 
metal, therefore, appears to be of paramount importance if the 
formation of dangerous graphite concentration or of grain- 
boundary chain graphite is to be avoided. A normalizing treat- 
ment followed by thorough stress-relieving would appear to be a 
step in this direction. 

It seems to us that the effectiveness of restoring graphitized 
weld joints by this method will depend not only upon the complete 
solution of the existing graphite but also upon the effective dis- 
persion of the locally dissolved carbon by diffusion. 

Figs. 15 and 16 show the weld-heat-affected zone of the pre- 
viously described creep-test specimen after a 2-hr solution heat- 
treatment at 1700 F, following termination of the creep test. 


TABLE 8 
Degree of 
Spec. C-Mo Service Graphitization 
No. Material s 
28DN Pipe 24636 Medium 
28DA " 
47UN 45972 
48DA 
50.1DN Casting 29000 
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(a) 
Fia. 


17 


TRANSACTIONS OF THE ASME 


SOLUTION HEAT-TREATMENT AND REGRAPHITIZATION OF SAMPLES FROM SERVICE 


JANUARY, 1950 
It will be noted that some graphite remained undissolved through- 
out the entire cross section and, more important yet, that micro- 
fissures formed at locations where massive graphite went into 
solution. These microfissures were identified as such by the 
seepage of drying alcohol, and the resulting staining during 
microscopic examination. We are presenting this extreme case 
as a matter of general interest only. 


H. J. Ropar. Early in the investigation of graphitization of 
welded pipe sections we, among many others, considered solu- 
tion of the graphite by heat-treatment as a means of restoring 
ductility to severely graphitized zones in the C-Mo pipe and 
castings. In 1944 H. Weisberg reported that normalizing at 
temperatures up to 2200 F did not materially improve the duc- 
tility of the graphitized zone in the Springdale pipe or in a 12- 
in, cast valve, both of which were severely graphitized. Addi- 
tional data, summarized in Table 7 (page 49), have been obtained 
since that time, and indicate that when the graphite is of the chain 
type or when the nodules are closely spaced, normalizing or nor- 
malizing and tempering does not improve the ductility appreci- 
ably. The ductility of more mildly graphitized sections, how- 
ever, is considerably improved. . 

A miniature bend test was used in determining ductility, for 

5 Metallurgist, Testing Laboratory, Public Service Electric and 
Gas Company, Maplewood, N. J. 


Degree of 
aegraphitization 
in 6900 hr at _ 1000 F 


Graphite Solution 
Heat Treatment 


1700 F for 2 hr, 
air cool. 


To same degree, but in 
narrower zone and larger 
flakes than before heat 
treatment. 

Zone is narrower, flakes 
larger and fewer in number 
than before heat treatment. 
To slightly lesser degree 
but in slightly larger 
nodules than before heat 
treatment. 

To slightly greater degree 
than before heat treatment. 


1700 F for 2 hr, 
furnace cool 

300 F/hr to 1000 F 
1700 F for 2 hr, 
air cooled. 


1700 F for 2 hr, 
furnace cool at 
500 F/hr to 1000 
1700 F for 2 hr, 
air cooled. 

1700 F for 2 hr, 
furnace cool at 
300 F.hr to 1000 


F. 
To same degree as before 
heat treatment. 
To same degree, but in 
slightly larger nodules 

F. than vefore heat treatment. 


(b) (ce) 


REGRAPHITIZATION OF CARBON-MOLY Street, X 500 
(a, Graphite formed in service; 6, same as a after normalizing at 1700 F for 2 hr; c, regraphitization of 6 after 6000 hr at 1000 F.) 
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Vaterial 


Degree and Type of 
Graphitization 


Pipe Heavy chain 
(Springdale) 
Valve casting Heavy; closely spaced 
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TABLE 7 EFFECT OF SOLUTION HEAT-TREATMENT ON DUCTILITY OF GRAPHITIZED WELDED JOINTS 
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Graphite Solution 


Heat Treatment Test Results 

None Cracking eterted at 1% elongation. 

1700 F for 2 hr in No, Cracking sterted at 1% elcengation. 
furnace cooled 300 Poke 

in Np to 1000 ?. 

3 

2200 F for 5 min., air Cracking sterted at no measureble 


cooled. elongation. 


2200 F, compressed 4%, 2” long crack et €7 eloncetion. 


held 5 mine et 2200 F, 
air cooled. 


None. Crackine started at 7.7% elongation, 


larce nodules. at 11.5% elongation crack was 0.3" 
long. 
° ” Same as 50.2D. an ‘ 1700F for 2 hr in Nz, Cracking started at 1€7 elongation, 
furnace cooled 300 at 20% elongeticn crack was 0.3" 
in to 1000 F. long. 
60.1D None Cracking sterted at 1.967 elongation. 
50-]DN 1700 F for 2 hr, air 0.18" lone crack at €% elongation. 
§0.2D None » Cracking started at 3.8% elongetion, 
4 at 5.7% elongation crack was 0.25" 
long. 
1700 F for 2 hr, furnace 0.06" long crack at 14.3% elongetion. 
cooled 300 F/hr to 1000 F,. 
«99-20 Pipe Medium; scattered None | Three small fissures at 20% elongation. 
(Essex) medium size nodules. 
7 
Same as 99.2U 1700 F for 2 hr, air No cracking at 24% elongation. 
cooled. 
99.2D Medium; medium size None 0.3" crack at 8% elongation, 
> nodules, scattered and at 16% elomgation crack was 0.€" long. 
29e2DN Same as 99.2D. 1700 F for 2 hr, air No cracking at 307 elongation. 
: cooled. 
102.2U Heavy; medium size None 0.58" long crack at 4% elongation. 
nodules, scattered and 
in short chains. 
102.2UN ad Same ans 102.20 1700 F for 2 hr, air 0.1" long crack at 11.5% elongation, 
cooled. 0.5" long crack at 17.3% elongation. 
102.2D Vediums scattered None 0.05" long crack at 21.6% elongation, 
medium size nodules. no change at 33.3% elongation. . 
:102.2DK . Same as 102.2D 1700 F for 2 hr, air No cracking at 32% elongation. 
cooled. 
106.20 os Medium; scattered None Slight fissures at 6% elongation, no 
medium size nodules 7 change at 31% elongation. 
Seme as 106.20 (1700 F for 2 hr, air No cracking at 32% elongation. 
cooled. 
106.2D => Medium to heavy; None O62" long crack at 8% elongation, 
peattered medium 4 0.34" long crack at 16% elongation. 
nodules. tov 
106.2DN . + Same as 106.2D 1700 F for 2 hr, air No cracking at 30% elongation. 
cooled. 
136.20 Medium; scattered None At 7% elongation specimen was cracked 
medium size nodules . completely across its width. 
e 
136.2U0N Same as 138.20 1700 F for 2 hr, air «Cracking started at 11% elongation, 
: cooled. at 22% elongation crack was 0.3" long. 
1386.2UNT Same as 138.20 1700 F for 2 hr, air Cracking started at 6% elongation, 
cooled, 1275 F for at 20% elongation crack was 0.08" 
2 hr, air cooled. long, no further cracking. 
; 138.2D a Heavy; medium site None ons" long crack at 6% elongation. 
re Jj nodules as short chains 
and ageregates. 


Same as 1368.2D. 


138.2DN ° 


138.2DNT 


cooled. 


4700 F for 2 hr, air 
eooled, 


1700 F for 2 hr, air Cracking started at 11.5% elongation, 
et 15.4% elongation crack was 0.38" 


long. 


Cracking started at 10% elongation, 
further bending inoreased extent of 


1275 PF for 
2 hr, eir cooled. 


7 
Spece 
| | 
= 
i 
feo de 
7 roe 
. . 
4 | 
{ 


TRANSACTIONS 


material was small boat-shaped probes cut 


the only available 
out of pipe joints. The test specimens, '/.in-thick center sec- 
tions of the probes, were bent in a guided-bend test jig along the 
zone of graphitization, 
in. gage length. 


Fiber elongation was measured on a 


Heat-treatment does not restore ductility to all graphitized 
zones, because a residue of unknown composition remains after 
the solutior of the graphite. When the graphite is af the chain 
type, the residue exists as an irregular finefine: if the graphite is 
nodular, the residue is nodular, annular, and/or crescent-shaped. 
It is because of this similarity in form between the residue and the 
graphite that the ductility of severely graphitized sections is not 
restored by solution heat-treatment, 

Concomitant with the foregoing study, the possibility of re-- 
graphitization after solution heat-treatment was investigated, 
Specimens of varying degrees of graphitization were solution- 
heat-treated, as shown in Table 8 (page 48) of this discussion, 
and then maintained in an oven at a temperature of 1000 F for 
6000 hr. Subsequent metallographic examination disclosed that 
all specimens had graphitized again and to approximately the 
Fig. 17 
herewith illustrates the degree of graphitization before heat- 
treatment, after solution treatment and degree of regraphitiza- 
tion in the 6000-hr period: 7 


same degree that existed before solution treatment. 


Based upon these results, we have not resorted to solution heat- 
treatment aS a means of rehabilitating graphitized welded sections. 
Our practice has been to cut out and reweld those jpints that are 
severely graphitized and of poor ductility. All welded sections 
in old specification pipe and all castings are of course probed 
at suitable intervals. 


I. A. Rouria.® 
information they have contributed on the subject of heat-treat- 


The authors are to be commended for the 
ment of welded joints in high-temperature main steam piping. 
Their method of accomplishing the heat-treatment has been-out- 
lined clearly, and their test data show that graphitized welded 
joints can be reconditioned suitably for further service, provided 
the graphitization has not become critical, 

Work of the same nature has been done by the writer's com- 
pany, and the results are in general agreement with those pre- 
sented by the authors. An account of this study has been given 
by D. H. Corey and the writer.?_ By the use of this method nor- 
malizing of graphitized welded, pipe joints while in position has 
been carried out by the writer’s company since early in 1947, 

The tensile-test data given in the paper show that the due- 
tility of the graphitized welded joints used for test was improved 
markedly by heat-treatment. The data, however, apparently 
do not reveal the ductility of that part of the sample which is of 
greatest importance, namely, the graphitized zone. The pape 
states, “Aftempts to force fracture at the outside of the origi 
weld-heat-affected zome where the concentrated graphite |} 
dissolved were not successful.’ What is required, therefo 
is a test that can be applied to the graphitized zone. 

The bend test mentioned by Mr. Weisberg in his discussion 
an earlier paper* meets this requirement reasonably well. Tl 
test indicates in a quick and simple manner the relative be 
ductility of the graphitized zone. It has been used in the I 
search Department of The Detroit Edison Company with sat 

5 Research Dept., The Detroit Edison Company, Detroit, Mict 

7 “Normalizing of Welds in Carbon-Molybdenum Steel Pipe 
60-Cycle Induction Heating,” by D. H. Corey and I. A. Rohr 
Weiding Research Supplement of The Welding Journal, vol. | 
January, 1945, pp. 1-s—6-s. 

® See pamphlet, “‘Graphitization of Low-Carbon and Low-Carbon- 
Molybdenum Steels,”” by H. J. Kerr and F. Eberly, bound with 
Trans. ASME, vol. 67, 1945, pp. 1-45; discussion by H. Weisberg, 
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factory results in evaluating the condition of graphitized welded 
joints. The apparatus used in the Research Department. in 
performing the bend test consists of two dies, similar to those 
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used by Mr. Weisberg, and mounted in a metallographic speci- 
men-mount press, as shown in Fig. 18 of this discussion, A 
close-up view is shown in Fig. 19. 


draulie jack, manually operated. 


Pressure is applied by a hy- 


A specimen after bending is 


Specimen (a) As removed from service after 64,000 hr at 825 F 

(b) Heated at 1700 F for 2 hr, cooled in still air 

(c) Heated at 1700 F for 2 hr, furnace-cooled to 800 F, 
then cooled in still air to room temperature 

(d) Same as (c), followed by a draw at 1200 F for J hr 

(e) Same as (c) followed by a draw at 1275 F for 1 hr 


hia. 20) Benp-Test Specimens From a WeLpep Joint 1n MepiuM- 


CARBON-STEEL Pipe 


Specimen (f) As removed from service after 59,000 hr at 825 F 
(g) Heated at 1700 F for 2 hr, cooled in still air 
(h) Heated at 1700 F for 2 hr, furnace-cooled to SOO F, 
then evoled in still air to room temperature 
-(/) Same as (/), followed by a draw at 1100 F for 1 hr 
(J) Same as (h), followed by a draw at 1200 F for 1 hr 
(kK) Same as (/), followed by a draw at 1275 F for 1 hr 
Benp-Test Specimens From Wetpep in Mepium- 
CARBON-STEEL PIPE 


shown adjacent to the lower die in Fig. 19. Note that the speci- 
men which was cut from a weld-prober sample removed from a 
graphitized welded joint has cracked badly in the graphitized 
zone, . 

The specimens shown are '/s in. thick and are finish-ground on 
both faces. Slight etching before test readily reveals the outline 
of the weld and facilitates positioning of the specimens in the 
dies so that the bending can be made to occur in the graphitized 
zone, The results obtained by means of the bend test may be 
stated in terms such as, length and width of cracks after bending, 
angle of bend, elongation of the bent area, or gage pressure. 
Some of the results obtained from this test may be of interest, 
Bend-test specimens of medium-carbon steel representing var- 
ious conditions of heat-treatment are shown in Fig. 20. 

Severe cracking occurred in the graphitized zone of specimen 
(a) and in the formerly graphitized zone of specimen (b), when 
bent. Specimen (c) which had been furnace-cooled, exhibited 
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satisfactory ductility as did specimens (d) and (e), which had 
been drawn at 1200 F and 1275 F, respectively. 

The bend-test specimens shown in Fig. 21 also were taken from 
a medium-carbon-steel welded joint removed from service, 

Although specimen (A), which had been furnace-cooled after 
2 hr at 1700 F, had much better bend ductility than specimens 
(f) and (g), it exhibited a crack in the formerly graphitized zone. 
Specimen (7), which had been drawn at 1100 F, cracked badly in 
the affected zone. This fact indicates that a draw treatment 
at 1100 F may cause brittleness in the formerly graphitized zone. 
Samples (j) and (k), which had been drawn at 1200 F and 1275 
F, respectively, did not crack even when bent 110 deg. The 
single heat-treatment, consisting in heating at 1700 F for 2 hr, 
followed by slow cooling, produced good improvement in due- 
tility as determined by the bend test. Further improvement 
in ductility of joints so treated could be expected as a result of the 
annealing effect. of service at 800 to 900 F. 

The results of the bend test, which was made on the samples 
described herein, are in agreement with thé tensile-test results 
given in the paper, in that the best ductility was cbtained by 
employing a draw treatment at 1275 F, following the 1700 F 
solution reatment. 

The primary purpose of this discussion, however, is to point 
out that the bend test has the advantag® in that the testing force 
can be applied to the significant area, i.e., the graphitized zone, 


AvuTHoRS'’ CLOSURE 


The authors are grateful to Messrs. Eberle, Robar, and Rohrig 
for the contributions made to their paper through their discus- 
sions, 

They are in agreement with the thought expressed by Mr. Eb- 
erle, that stress concentration in weld-heat-affected zones appears 
to be of paramount importance in the formation of dangerous 
graphite concentrations or of grain-boundary chain graphite. 
They have never found in their examinations of graphitized metal, 
after a solution treatment, as large an amount of what we may 

“speak of as “constituent X’’—that is, voids, graphite, inelusions, 
or occlusions, as shown in Fig. 15. As a matter of facet, they 
have not found any evidence of constituent X in any of the heat- 
affected zones following solution treatment in the plain carbon 
steel reported in this paper. They have found constituent X in. 
the carbon-moly steel, in the heat from which the 12-inch pipe 
was made in the main steam line in the Schuylkill Station, though 
it was smaller if amount and in particle size than that shown in 
the photomicrographs in Fig. 16 of Mr. Eberle’s discussion. The 
evidence of constituent X at the time the paper was given was not 
pronounced, Also, the constituent X was not of a chain-like 
tyvpe.* 

The authors are grateful for the valuable contribution of Mr. 
Robar. They recognize that solution treatments would not 
materially improve the ductility of graphitized zones in pipe as 
severely graphitized as was the case with the Springdale pipe. 
Also, they have found that the graphite has a tendency to return 
to the locations in which it was found after several thousand 
hours of heating. They have never held that solution treating 
was a cure, but a method which might be employed for prolong- 
ing the useful life of graphitized pipe, provided the graphitiza- 
tion has not developed to too great a degree. 

The authors also appreciate the contribution of Mr, Rohrig 
which so completely described the bend test procedure used by 
The Detroit Edison Company. 


* A recent further examination of carbon-moly welded pipe which 
had been solution treated, that was made nine months after this paper 
was presented, shows in one of the quadrants of a heat-affected zone a 
constituent X somewhat similar to that shown in Fig. 16 of Mr. 
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The authors’ feeling with regard to the solution treatment is 
summed up by Mr. Abele in his statement to the effect that ‘The 
treatment has removed a latent critical condition, either tempo- 
rarily or permanently, and substantially prolonged the useful 
life of the pipe.”” This statement, of course, relates to the pipe 
that had undergone graphitization at the Richmond Station. It 
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does not necessarily hold, however, for all graphitized plain 
carbon pipe. 

Also, the feeling of the authors is covered in the statement by 
A. E. White to the effect that “No claim is advanced that the 
restoration of graphitized welds by solution treatment can be 
employed successfully in all cases.” 
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for the Grand 
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The Grand Coulee pumping plant has been the subject 


of an extensive hydraulic research program. The first 
part of this program was conducted at The California 
Institute of Technology for the Bureau of Reclamation 
from January, 1938, to July, 1940. Some of the results of 
this program have already been published (1 to 4),? and 
other papers (5, 6) describe the different features of this 
project. This paper presents some of the results of con- 
tinued experimental research of the author's company 
from 1943 to 1946. The investigation covered the effects 
of various diffuser-type pump cases and impellers on the 
pump characteristics of the Grand Coulee model. The 
paper concludes with the description of the final test of 
the contractor’s model completed in July, 1947. 


PRELIMINARY INVESTIGATIONS AND OPERATING REQUIREMENTS 


N a paper by E.. B. Moses (5) is described the development 
of the Grand Coulee Project in detail. A brief summary of 
the pumping plant will be reviewed here for ready reference. 
The pumping plant is situated at the Grand Coulee Dam on the 


‘Columbia River in the State of Washington. This huge pumping 


plant will consist of twelve vertical single-stage pumping units. 


Hach unit will be driven by a 65,000-hp motor, or‘a total of 780,- | 


000 hp for the complete pumping plant. The pumps will have a 
wide operating head range, from 365 to 270 ft, with a correspond- 
ing capacity of 1100 efs to 1650 efs, when operating at the con- 
stant speed of 200 rpm. The pumps will be of the vertical single- 
stage single-suction type, with 12-ft-diam discharge, and.a 14-ft- 
diam suction. i 

The Grand Coulee Project makes one feel the daring of its 
conception, the overwhelming grandeur of its size and power, 
and last but not least the painstaking care given to the investiga- 
tion of all its details. In order to obtain strict and exacting final 
specifications, a research program lasting 2'/: years was con- 
ducted at the Hydraulic Machinery Laboratory of the California 


Institute of Technology (later called Cal Tech), sponsored by the , 


Bureau of Reclamation (later called The Bureau), and carried 
through with the co-operation of three pump manufacturers. 

The foregoing program was considered necessary even though 
the investigations and test results of the large pumping units 
(7, 8) for the Metropolitan Water District of Southern California 
were available. No part of the research program mentioned 
would have been effective in detail without the development of 
Cal Tech Hydraulic Machinery Laboratory (9), with its precision 
instruments and exact measurements to aid in securing the effect 
of smal] design changes. 

The final specifications called for a minimum flow rate of 1350 
cfs at a rated total dynamic head of 310 ft, and a minimum war- 

! Chief Engineer of Byron Jackson Co. Mem. ASME. 

2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Hydraulic Division and presented at the 
Semi-Annual Meeting, San Francisco, Calif., June 27-30, 1949, of 
THe AMERICAN Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—SA-8. 
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ranted pump efficiency of 87 per cent at this point. Furthermore 
the specifications require a minimum flow rate of 800 cfs at a total 
dynamic head of 365 ft, and a maximum load not to exceed 65,000 
hp at 270 ft total dynamic head. The great variations of head 
and flow rate had to be obtained at a constant speed of 200 
rpm, The specifications also prescribe that the head-capacity 
curve shall be relatively steep, and the pump efficiency as high 
as possible over the entire range of operation, The pump shall 
have stable operation free from cavitation within the full range 
of operating heads. 


Layout AND Heap VARIATION 


Lach pumping unit will pump through separate piping systems 
(see Fig. 1). Each system consists of the trash rack, intake 
structure, a 90-ft-long 14-ft-diam suction pipe and elbow, and 
an 850-ft-long 12-ft-diam discharge pipe. The water surface at 
the intake to the pumping plant will fluctuate from a maximum 
elevation of 1290 to a minimum of 1208, that is, a total difference 
of 82 ft. At the same time the water surface at the outlet will 
vary between the elevations of 1571 and 1557, a difference of 14 
ft. 

The foregoing head variations, and the pipe-friction loss, also 
shown in Fig. 1, and the static water-surface elevation from the 
intake to the outlet lead to a variation of total dynamic heads 
from a minimum of 270 ft to a maximum of 365 ft, or an operating 
range from 100 to 135 per cent. The most severe suction condi- 
tions occur at low capacities when the water surface at the intake 
is at an elevation of 1208. The center line of the pump is located 
‘at an elevation of 1203, which provides only a 5-ft submersion for 
pumping heads from 365 ft down to 350 ft. 


NEED FOR FURTHER INVESTIGATIONS 


Difficulties were encountered when the former test results 
were applied to our investigation of a pumping unit of minimum 
weight and cost. Early weight calculations eliminated the most 
attractive case type, that is, the double-volute case. This type 
satisfied all the requirements of the specifications. However, the 
weight became excessive because of the heavy reinforcing needed 
to maintain permissible stresses in the open section. Unlike 
this, the diffuser-type case, in which the diffuser vanes act as 
connecting members between the two side walls, leads to a 
lighter pump case and thereby to the most economical unit. 

In the original model study, pumps with diffuser cases gave a 
very unstable performance near the 365-ft operating head. The 
problem therefore was to design a diffuser-type case which would 
meet all the hydraulic requirements and particularly have stability 
of performance near the high operating head. This unstable 
portion of the pump characteristics was greatly affected by the 
pump-case design and had not been overcome satisfactorily by 
the preliminary experiments with diffuser-type cases. 

Further investigation was also necessary owing to the wider 
operating head range given in the final specifications. The 
original model study conducted at Cal Tech from 1938 to 1940, 
was based upon a total head variation from 295 to 365 ft, or a 
total operating range from 100 to 125 per cent, while the final 
specifications call for an operating range of from 100 to 135 per 
cent. 
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Fig. SectTionat 

As thesé and other problems became more evident soon after 
Byron Jackson Co. and The Pelton Water Wheel Company 
decided to make a joint bid, they initiated in 1943, a program of 
development. This program assigned to Byron Jackson Co. 
the task to design, build, and tesf models in order to develop 
the final hydraulic lines of the pump. The investigation was 
conducted at Byron Jackson Co.’s plant from 1943 to 1946, and 
carried to a successful completion in spite of war and postwar 
difficulties. 

At the end of the investigation a bid was submitted and re- 
sulted in the award of a contract to build six pumping units. 
After the award the research program was continued at Byron 
Jackson Company’s plant and, at the same time, it was decided 
to conduct the final acceptance test at Cal Tech. It was deemed 
advisable to take advaritage of the precision test facilities at Cal 
Tech because of the magnitude of the project and t!.e ‘lesirability 
of having impartial observers. Also, the big prototyp:-to-model 
ratio of 13 to 1 made it imperative that tests should be con- 
ducted with the greatest possible accuracy. , 


PRESENTATION OF TEST DaTA 


Before going into the details and comparisons of test results at 
the different stages of development, the following differences of 
presentation are noted. The preliminary tests at Cal Tech and 
some of the tests by the author’s company were made with 
model units of greater size than the final ones used for acceptance 
tests. The reason for this was that the horsepower available at 
Cal Tech was not sufficient to run the original model at speeds 
corresponding to the operating heads in the field. The speci- 
fications valled for tests at field heads. Furthermore, in the 
final model the casing was built with sectional breaks in curvature, 
corresponding to the welded structure of the prototype case. 
This was a deviation from the earlier models which were all 
furnished with smooth pump .cases and were of a larger size. 
Unfortunately, time did not permit us to duplicate the final 
model with a smooth casing so that the friction losses in the two 
cases might have been compared. 

In the original testing program from 1938 to 1940, the suction- 
head reading was taken at the suction’ flange, and the dis- 


.; _ charge head reading 10 diam beyond the end of the discharge 
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cone of the volute, giving afterward a credit for the friction 
loss in the 10-diam-long pipe. In the final specifications, how- 
ever, the suction-pressure readings were to be taken at 
treme end of the suction elbow, thus charging the pump with 
the loss through the elbow. 

Another change in the specifications calls for measurements of 
the discharge head at the end of the diffuser-case cone where the 
velocity distribution is far from uniform, while the velocity head 
is figured from a uniform velocity arrived at by dividing the capac- 
ity with the area. That there is an apparent gain in discharge 
head further downstream figured on this basis is shown in Fig. 2. 

To determine the amount of this gain in discharge head, a set 
of readings was taken on a model with a 10-deg-discharge cone 
at the end of the cone, and 3.4 and 6.8 diam beyond the cone. 
These readings showed a substantial gain at 6.8 diam beyond the 
end of the cone, and so justify the Hydraulic Institute’s recom- 
mendation of measuring the head at a point 10 diam beyond the 
However, the specifications permitted lengthening of the 
discharge cone by reducing the total cone angle, thereby obtain- 
ing much more uniform velocity distribution at the end of the 
cone. 

In the last models a discharge cone with a 3-deg total cone 
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angle was used, and head readings obtained at the end of this 
cone were slightly lower than readings obtained with a 10-deg 
cone at a point 6.8 diam beyond the end of the cone. 

Owing to these different definitions and measurements of tota! 
head, the different performance curves are not directly com- 
parable. No attempt was made to recalculate the performance 
curves and bring them to the same basis, but performance curves 
shown on any one figure were obtained with the same test pro- 
cedure and are directly comparable. 

For convenience of comparison, most of the model test data 
were converted into prototype values at an operating speed of 
200 rpm. Also, it was found most practical to compare the pump 
characteristics at an operating point of 1450 cfs at 310 ft. This 
point gave the same percentage of safety above the minimum 
required capacity of 1350 cfs at 310 ft as the power percentage 
safety below the maximum permissible power requirement. of 
65,000 hp at 270 ft.* 

For better understanding of the various performance curves, 
the main dimensions for the various model impellers and pump 
cases referred to in the various figures are given in Table 1. All 
models were mounted horizontally and were of a construction as 
shown in Fig. 15. 

Following is a description of the step-by-step development of 
various pump cases and impellers to arrive at the smallest pump 
size and highest pump efficiency unit having a stable noncavitat- 
ing performance curve under all operating conditions. 


Pump-CasinG Stupy 


The pump casing represents a high percentage of the total 
pump weight and, as previously mentioned, the diffuser-type 
casing proved to be lighter than the single- and double-volute 
case. However, the pump characteristics with a 12-vane diffuser- 
type case had not proved satisfactory. Therefore, a continued 
study of various types of diffuser cases was necessary. 

The effect of the pump-casing type on the head-capacity 
characteristics is shown in Fig. 3. Here the same impeller was 
tested in two pump cases, a double-volute case with a volute area 
of 21 sq in. and a 12-fixed-vane diffuser case with a diffuser en- 
trance area of 20.8 sq in. The double-volute-case performance 
meets all the requirements with a stable head-capacity curve over 
the operating range, and also exceeds the minimum pump effi- 
ciency of 87 per cent at the 310-ft operating point. The 12-vane 
diffuser case, however, has an abrupt drop in head near the 365- 
ft head, and the pump efficiency at the 310-ft operating point is 

*To permit simplified test procedure and also to eliminate the 


possibility of cavitation, all performance tests were run with a con- 
stant net positive suction head of 115 ft. 


TABLE 1 


Outlet diam, in... . 
Outlet width, in 

Eye diam, in....... 
Outlet vane angle, deg 


Impeller 


| Number of vanes 


Entrance area, sq in.. .{ (volute) 


20.8 
Outlet area, sq in. ( 44.0 


Vane lip diam, in. 15.5 


Vane lip width, in... .. 


Diffuser case 


(volute) 
1H 
Number of vanes. . 


Model size 


Factor 
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Fic. 3) or Casing Type on Pumpinc CHanacrenistics 
below the minimum 87 per cent required. This drop in head also 
affected the brake horsepower, and this unstable portion of the 
performance curve was considered too close to the 365-ft head for 
safe operation. The foregoing performance curves indicate that 
the lower number of diffuser vanes would give a more stable and, 
in general, a more satisfactory performance. 

In order to determine the influence of diffuser-case entrance 
area on the pump characteristics, a series of tests were run with a 
gradual increase of diffuser-case entrance areas, using the same 
impeller for all tests. In Fig. 4 is shown the effect of diffuser- 
vane inlet area on pump characteristics for model pumps using 
the same impeller and the same 12-fixed-vane diffuser case as 
described and illustrated in Fig. 3. The diffuser-case inlet area 
was changed from A to B, which latter is 18 per cent larger than 
A. Alternating the diffuser-vane inlet area also affects the 
diffuser-vane entrance angle, but experiments have shown that 
the area affects the pump performance to a much greater degree 
than the diffuser-vane angle. 
trance area improved by several points the pump efficiency at 
310-ft head, but the head-capacity curve dropped below the 365- 
ft head. Therefore this performance curve was not acceptable, 
and further study of the 12-fixed-vane diffuser case was aban- 
doned. 


The increased diffuser-vane en- 


Next a design study was made of fixed-vane diffuser cases 
with 3, 4, 5, and 6 diffuser vanes, in order to analyze the practical 
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minimum number of vanes which would give sufficient strength 
and allow a substantial weight saving and still meet all re- 
quirements. This study proved that the 6-vane diffuser, case was 
the most satisfactory. 

Fig. 5 shows comparison of pump characteristics for 6 and 
12-fixed-vane diffuser cases. Here the same impeller was tested in 
the two diffuser cases, both having practically the same diffuser- 
vane inlet area but different diffuser-vane outlet areas as shown 
in Table 1. The 6-vane diffuser case improved noticeably the 
head-capacity performance near the 365-ft head and materially 
reduced the dip in the unstable range. The pump efficiency at 
the 310-ft operating point for the 6-vane diffuser case showed only 
a slight gain over the 12-var- diffuser case. However, the pump 
efficiency at that point was later improved. This was accom- 
plished partly by increasing the diffuser-case inlet area which was 
permissible with the 6-vane diffuser casing, as this casing still 
gave a stable characteristic at the 365-ft head. 

Next, the change of performance with increased outlet area of 
the diffuser cases was determined. As might be expected, the 
larger diffuser cases with lower velocities permitted a greater head 
recovery at the end of the diffuser vanes and therefore showed 
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some improvement in the pump efficiency. However, this would 
have resulted in too large a pump case, and therefore further 
study was continued in order to improve the pump efficiency with 
the small diffuser case. . ° 

New-Type Diffuser Case. By studying the flow distribution in 
the outiet of the pump-discharge cone for a 6-vane diffuser case, 
it was found that the higher velocities crowded toward the 
outside of the pump casing. To obtain a more uniform flow at’ 
the end of the discharge cone, several ribs were tried in the pump 
casing. The best result was obtained when using one rib dividing 
the flow in a diffuser case into two separate streams similar in 
principle to a double-volute case. This rib design is shown 
The location of the dividing rib may also be seen in 
Fig. 7 which shows the final model on its base in the laboratory 
with the front half of the case removed but with impeller diffuser 
ring and dividing rib in place. 

The velocity distribution at the end of a 3-deg discharge cone 
for a 6-vane diffuser case, with and without a dividing rib, is 
shown in Fig. 8. The effect of this dividing rib on the pump 
characteristics, resulting in increased head and higher efficiency, 
is shown in Fig. 9. 

The same tests were repeated on 6-vane diffuser cases, with 
and without dividing rib, the cases having a total cone angle of 
10 deg, and the results were relatively the same. In the two sets 
of tests, the gain in pump efficiency and head for the case, with a 
dividing rib as against the case without this rib, was greater than 
the energy difference calculated by the integration of the velocity 
heads corresponding to the different velocity distributions, Fig. 8. 

It will be noted that the first three diffuser vanes remain the 
same in the two pump cases with and without the dividing rib. 
The difference in performance obtained by these two pump cases 
therefore can only be the result of what happens beyond the 
outlet of the third diffuser vane. From this point on, in the 
case without the dividing rib, the streams from the 4th, 5th, and 
6th diffuser vanes flowing into the stream from the first three 
diffuser vanes must introduce shock and mixing losses which are 
greater than the friction loss from the two separate streams in 
the case with a dividing rib. This result was somewhat surpris- 
ing, since the dividing rib decreases the hydraulic radius of the 
case. 

By continued use of this reasoning, the best results should 
perhaps be obtained by separating all the streams coming from 
the diffuser vanes. But such a diffuser case would become im- 
practical to manufacture and, undoubtedly, the further decrease 
of the hydraulic radius would result in greater friction losses 
which would offset the gain in reduced mixing and shock losses. 

No further tests were made to clear up this point. The im- 
proved efficiency in the larger diffuser ease previously mentioned, 
undoubtedly was the result of longer diffuser vanes, although in 
that case we dealt with diffuser cases with lower velocities. 
Hence the results are not directly comparable. 
IMPELLER-DISCHARGE VANE ANGLE ON Pump 
CHARACTERISTICS AND Pump Size 


EFFECTS OF 


Three impellers, having the same profile but with 26'/2, 23'/2, 
and 18!/, deg discharge vane angles were tested in a 6-fixed-vane 
diffuser case. The pump characteristics of these three impellers 
are shown in Fig. 10. In this particular case, it was more ad- 
vantageous to- present the actual model performance curves, as 
they more clearly indicate the spread in the head-capacity per- 
formance. 

The impeller with the 26'/.-deg discharge vane angle will re- 
quire a multiplying factor of 11.4, while the impeller with an 
18'/;-deg angle requires a multiplying factor of 12.3 of this larger 
model, or, converted into weight, the impeller with the lower 
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angle would result in a 25 per cent heavier pump case than an 
impeller with the steeper angle. 

However, the head-capacity performance near- the 365-ft 
head became more unstable for impellers with steeper vane angles. 
The unstable part of the curve for the 26!/:-deg vane angle was 
considered the upper safe limit for an impeller with this profile. 
Therefore, to allow for a certain margin of safety in the unstable 
range, the final model pump was designed with impellers having 
outlet discharge vane angles of 24 deg. Also, impellers with wider 
profiles were tested in wider diffuser cases, but these casings had 
the same diffuser inlet area as the narrow diffuser casings. The 
wide-profile impeller gave the same type of performance as a 
narrow-profile impeller with steeper vane angle. No noticeable 
gain in pump efficiency was obtained with the wider impellers. 


Ikrrects OF IMPELLER-VANE ENTRANCE ANGLE ON CAVITATION 
PERFORMANCE AND Pump CHARACTERISTICS 


Impellers with different impeller-eye profiles were designed and 
tested to determine the effect of the ratio between radial and pe- 
ripheral eye velocities on the cavitation performance. In thjs 
study it was found that the information given in C. A. Gongwer’s 
paper (2) was very useful, and the best cavitation performance 
was obtained with an impeller-eye profile which agreed with the 
formula recommended in that paper. 

The effect of the impeller-entrance vane angle on the cavitation 
performance and pump characteristics is demonstrated by two 
impellers, A and B, tested in the same 6-vane diffuser case with a 
separating rib. The two impellers have practically the ame 
profile and outlet vane angle (see Table 1). The main differences 
in design are the impeller-entrance vane angles as shown on the 
diagrams in Fig. 11. 
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hic. Entrance Vetociry TriaANGLes ror IMPELLERS A AND B 


Impeller A, with entrance vane angles 28 deg at the eye and 48 
deg at the hub, favor shock-free operation at the larger capacity, 
while impeller B, with vane entrance angles of 21 deg at the eye 
and 33 deg at the hub, will give shock-free operation at lower 
capacities. 

Fig. 12 shows the result of cavitation tests for these two im- 
pellers. Impeller A does not satisfy the minimum o requirement 
for the lower capacities at 365 and 350-ft head but, as expected, 
gives ample safety at the larger capacities, particularly for the 
capacity at 270 ft. Impeller B, however, satisfies all require- 
ments, but the amount of safety of course is less at the larger 
capacities. 

The pump characteristics of the two impellers are shown in 


TRANSACTIONS OF THE ASME 


JANUARY, 1950 


Fig. 13. A comparison of these two pump characteristics shows 
that the impeller-vane entrance angle also has an amazingly great 
effect dn the pump performance. The lower impeller-vane en- 
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trance angles on impeller B have also several beneficial results on 
the pump characteristics, as follows: 2 


1 Lower head and brake horsepower at the closed valve, 
which latter would result in less starting-torque requirement for 
the motor if started under shutoff conditions. The lower head 
may be the result of less back pressure created by the lower vane 
angle at zero and low capacities, 

2 The unstable portion of the head-capacity curve and brake 
horsepower moves to a lower capacity with a flatter impeller- 
entrance vane angle and allows for greater safety of stable opera- 
tion near the 365-ft head. It is interesting to note in the previous 
figures shown that the unstable performance caused by the 
pump casing remains at the same capacity from one type of pump 
case to the next, and the case design affected only the magnitude 
of the dip in the head-capacity curves. This also held true in the 
unstable portion of the brake-horsepower curve. As the lowering 
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a of the impeller-entrance vane angles moved the unstable portion of 
the head-capacity curve as well as the brake-horsepower curve 

: to a lower capacity, this would indicate that the unstable por- 

= tion in the performance is the result of flow conditions in the 


impeller eye. 

3 The improved pump efficiency over the operating range, 
particularly at the lower capacities, gives a strong indication 
that for pumps designed for a definite operating point, in this 
case, for instance, 310 ft, the impeller should have vane entrance 
angles giving a velocity diagram similar to. impeller B, rather 
than the conventional diagram as obtained by impeller A. The 
suction approach and the NPSH available must of course also 
be given consideration in the selection of the impeller-entrance 
vane angles. For commercial pumps, however, which must cover 
a wide range of capacities it probably will be found necessary to 
use impellers with vane entrance angles similar to those used in 
impeller A, as this steeper vane entrance angle has a greater o 
safety against cavitation at the larger capacities. 

The final model used for acceptance tests incorporated all the 
improvements mentioned, and the following résumé will give the 
results of the final acceptance tests, 


Mope.t-Pump Tests 


Final model tests were conducted by the Cal Tech Hydro- 
dynamics Laboratory. Laboratory equipment, except for slight 
modifications, was the same as previously described in detail 
(9). 

Specifications No. 1128 of the United States Department of the 
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Interior, Bureau of Reclamation, under which the contract for 
the six 65,000-hp pumps was awarded, required, in addition to 
characteristic and cavitation tests, the determination of the 
following: 


1 Amount of unbalanced side thrust on the impeller. 

2 Distribution of flow and amount of prerotation at the eye 
of the impeller. 

3 Velocity distribution at the end of the casing extension 
diffuser, 

t Pressure variations near the periphery of the impeller in 
both the top and bottom covers. . 


The final model, set up for test in the Cal Tech Hydrodynamics 
Laboratory, is shown in Fig. 14. The long stainless-steel casing 
extension diffuser is shown, with discharge piezometer connec- 
tions at the upper end. A portion of the converging-cone suction 
elbow, together with one of the balance lines from the back of the 
impeller to suction pressure, also will be noted in this illustration. 

Fig. 15, the model pump assembly, shows the location of both 
suction and discharge piezometer connections and also the Pitot- 
tube plates used in the determination of velocity distribution. 
Piezometer connections, as shown, are located in accordance with 
the specifications. 

From Figs. 14 and 15 it may be seen that the heads and effi- 
ciencies obtained in these tests, and reported herein, are not those 
of the model pump alone but include losses in the suction and 
discharge piping between the piezometer connections and the 
pump. 
CHARACTERISTIC AND Cavrration TEsts 7 

All testing was performed at heads equal to those of the proto- 
type, necessitating operation at 2600 rpm, i.e., prototype speed 
of 200 rpm multiplied by the model ratio of 13. Resulfs of char- 
acteristic tests are plotted in Fig. 16 on which a scale has been 
added for prototype capacity, obtained by multiplying model 
capacity by the cube of the model ratio, and the inverse ratio of 
the operating speeds. In accordance with the specifications, the 
efficiencies shown are those obtained by the model and include 
losses in suction and discharge piping bet ween piezometer connec- 
tions. Furthermore, model efficiencies are shown as applying to 
the prototype, unlike turbine practice wherein an increase is 

. permitted due to decreased relative roughness and clearances. 

The test installation included a scale model of the trash rack 

and inlet structure of the prototype, enclosed in a pressure tank 

.to permit varying the suction pressure (see Fig. 17). The width 
of the channel ahead of this trash rack was restricted by side 
plates to that equivalent to one bay in the Grand Coulee wing 
dam, Water flowing into this channel was passed through a 
gravel-bed filter having sufficient resistance to insure uniform 
flow, in an effort to duplicate, as nearly as possible, suction 
conditions obtaining in the prototype. The entire suction from 
the trash-rack structure to the pump duplicated that of the proto- 
type to a model ratio scale of 1 to 13. 

Table 2 is a comparison of model test results with specification 
requirements. 

The minor discontinuity in the hedd-capacity curve, indicating 
unStable operation, falls well outside the operating range of the 
prototype. 

The test results show the model ratio of 13 to be ideal in that 
it permits minor variations, either smaller or larger, due to manu- 


From Fig. 16 


Cap. at 365-ft head....... 1087 cfs 

Cap. at 310-ft head...... ‘ 1450 cfs 

Eff. at 310-ft head........ 88.9 per cent 
Bhp at 270-ft head........ 60100 


TABLE2 COMPARISON OF MODEL TEST RESULTS WITH SPECIFICATION REQUIREMENTS 
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facturing tolerances in the prototype, without falling short of the 
minimum required capacities or exceeding the maximum permis- 
sible horsepower. 

Cavitation performance is shown in Fig. 18 for each of four 
operating conditions, i.e., the maximum head, the minimum 
head, the normal (or warranted) head, and a head corresponding 
to low water in both the lake and the discharge canal. The 
operating range shown is based on prototype performance, lake 
levels on the suction side, discharge canal levels, and anticipated 
conduit and entrance and exit losses. Upper and lower limits 
of this operating-range area are based upon high and low water 
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in the discharge canal, and right and left limits are based on — 


high and low water in Lake Roosevelt. These tests show a mar- 
gin of safety between the operating range and the inception of 
cavitation sufficient to exclude the possibility of cavitation dam- 
age. 


UNBALANCED Sipk Turest oN IMPELLER 


of unbalanced side 
thrust on the impeller of a pump, operating at 2600 rpm and 355 


The direct measurement of the amount 
bhp, presents numerous difficulties, aggravated by the require- 
ment to make the measurements on a model which in its final 
form had only 0.007-in. diametral clearance between the rotating 
Therefore it was decided that the de- 
flections of the pump shaft during operation would be measured; 
which, combined with the spring constant of the shaft determined 
at rest, would permit accurate calculation of the forees causing the 
deflection. 


and stationary seal rings. 


To measure the deflection of the shaft during operation, two 
insulated metal probes were inserted at points 90 deg apart 
A suitable bracket was pro- 
vided for each probe to hold it in position and at the same time 


through holes in the suction cover. 


permit fine control of its movement, toward or away from the 
A dial indicator reading to 0.0001 in. 
rigidly mounted on each bracket and used to determine the 
location of each probe. 


impeller seal ring. was 
Contact with the impeller seal ring was 
determined by neon bulbs operated by transformers through a 
low-voltage trip circuit (see Fig. 19). 

It was possible accurately to locate the center position of the 
impeller with the pump filled with water and slowly rotating so 
that side thrust was negligible. Then, with the model cperating 
at full speed, deflection readings were taken at various capacities. 
The resultants of these readings, at the proper angle with the 
model center lines, are plotted in Fig. 20. 
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Determination of the spring constant of the model shaft, while 
at rest, with a beam and weights, permitted the calculation and 
plotting of the lower curve in Fig. 20, radial thrust versus capacity 
The radial-thrust seale for the prototype was obtained by multi- 
plying the model thrust seale by the ratio of areas, that is, the 
square of the model ratio. 

From this curve it may be seen that the maximum radial 
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thrust under any operating condition, to be encountered in the 
prototype, is less than 9000Jb and the maximum at shutoff head 
as only 43,000 Ib. This is considered insignificant in a unit of this 
size having «a shaft nearly 2'/. ft diam and an impeller which 
weighs nearly 30 tons. 


DISTRIBUTION OF FLOW AND AMOUNT OF PREROTATION AT EYE 
oF IMPELLER 


The velocity and direction of flow of the water entering the 
impeller were determined by a direction-finding Pitot’ tube in- 
serted into a plate located approximately 2 in. ahead of the im- 
peller, as shown in Fig. 15. Five traverses were made in each 
direction. Readings were taken through the entire cross section 
and results plotted. Numbers on the isovelocity diagrams in 
Fig. 21 indicate velocity in feet per second. 

Velocities on these diagrams are unusually uniform and corrob- 
orate the wisdom of The Bureau in the choice of a converging- 
cone elbow for the pump suction. There is no backflow and 
consequently no prerotation within the normal operating range 
for the prototype. 

Vevociry Dis?TRIBUTION AT OF CASING-EXTENSION DIFFUSER 

Velocity and direction of flow of the water leaving the casing- 
extension diffuser were determined by a direction-finding Pitot 
tube inserted in a plate similar to that used on ‘the suction side, 
except that four traverses instead of five were made in each of 
two directions at 90 deg. The plate used is illustrated in Fig. 22 
with a Pitot tube inserted through one of the holes. Note the cir- 
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cular scale with a vernier to determine accurately the direction in 
which the impact hole in the tube is pointed. A scale on the 
mounting head permits determination of the location of the im- 
pact- and static-pressure holes with respect to the center of the 
pipe. This plate may be seen installed in the discharge line at the 
end of the upper casing-extension diffuser in Fig. 14. 

Results of readings taken at the highest head, normal or guar- 
anteed head, and lowest head, are shown in Fig. 21. Numbers 
indicate velocity in feet. per second. : 

_.At the guaranteed point of 310-ft head, the unit produces 
approximately 0.6 ft more head than it can be credited with owing 
to additional kinetie energy available in excess of that based on 
uniform velocity. This may be proved by integration of the 
velocity-distribution chart for 310-ft head. 


PRESSURE VARIATION NEAR PERIPHERY OF IMPELLER IN- BoTH 
COVERS 

Pressures were taken at 12 piezometer connections in each cover 
(see Fig. 23), at operating heads of 365 ft, 310 ft, and 270 ft, and 
results plotted in Fig. 24. Velocity and direction of flow were not 
measured. However, the result of the change in the absolute 
angle of the water leaving the impeller is clearly indicated by the 
reversal of high- and low-pressure points between the maximum 


and minimum head conditions. al 
CONCLUSIONS 


The pump-casing type has a great influence on the pump 
performance, as .pumps with single-volute, double-volute, and 
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diffuser casing designed on the same basis will give different 
performances. Furthermore, the number of diffuser vanes in 
the diffuser case has a definite influence on the unstable portion 
of the performance curve. Fewer diffuser vanes reduce the 
magnitude of the dip in the head-capacity curve. The diffuser- 
case inlet area affects the shape of the head-capacity curve and 
also the pump-efficiency curve. Six diffuser vanes seem to be the 
minimum number for practical design of a welded pump-diffuser- 
casing structure, which will give the casing sufficient strength and 
also allow a substantial reduction in weight. A dividing rib in the 
diffuser case gives better velocity distribution and improves the 
pump efficiency. 

Impellers with the same profile, but with different impeller- 
outlet vane angles, materially affect the pump size and weight. 
The steeper vane angle gives a flatter performance curve and 
produces a more pronounced dip in the unstable head-capacity 
range. 

“The impeller-inlet vane design has a great influence on the 
cavitation characteristics and also affects the unstable portion of 
the head-capacity and horsepower curves. A flat entrance vane 
angle reduces the head and horsepower at closed valve and also 
improves the pump efficiency at lower capacity. 

The unusual performance of the Grand Coulee pumps was a 
challenge to existing knowledge and techniques. To obtain the 
desired results, careful testing was required, and the use of the 
latest testing equipment was necessary. It is hoped that the 
work presented will be useful and will be followed by detailed dis- 
closures in similar pump studies. 
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: ” Discussion 


I. A. Winrer.' This paper presents some of the outstanding 


results of experimental research as applied to the development 
and construction of large centrifugal pumping units. It is of 
particular interest to,the utility engineer since it presents basic 
research data on construction features related to the pump- 
impeller design. The importance of the hydraulic designs of the 
inlet and discharge to the pump casing, and to the easing itself, 
are presented in the text of the paper and in the comprehensive 
list of illustrations. The continuity of the presentation is ex- 
cellent and the material selected is pertinent. : 
The difficulty of obtaining a satisfactory mechnical design of 
pump casing of the size and for the pressure required for the 
Grand Ceulee development indicated that some form of diffuser 
casing would offer the most economical construction. The test- 
ing program of the Bureau was directed toward establishing the 
feasibility of such a design. It had been the general poliey of the 
pump designers of this country to consider the turbine or diffuser 
casing detrimental to the performance vf the pump, although, 
until recently, it had received wide application in important 
hitropean installations. It was generally believed that the intro- 
duction of vanes in the line of flow opposite the impeller discharge 
would result in a loss of from 3 to 5 per cent in pumping efficiency. 
The initial tests at the California Institute of Technology on 
diffuser casings resulted in the developmeént of designs which 
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gave efficiencies and capacities equal to and exceeding, in some 
cases, the performance of single-volute casings. . 
Further development work, as will be noted by comparing the . 
curves shown in Figs. 25 and 26 of this discussion, resulted in ob- 
taining performance with the diffuser casing equal in all practical 
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respects to the performance of the double-volute casing without 
the use of an auxiliary splitter a» deseribed by the author. The 
difference in performance between the double-volute casing and 
the 12-fixed-vane casing, as shown in Fig. 3 of the paper, un- 
doubtedly could be considerably réduced by the use of a larger 
casiig, Which would provide for greater expansion in the first 
stage of diffus on. The author's stidy and development have 
been quite properly directed toward obtaining the maximum 
performance for the minimum mechanical equipment. It is 
likely that any appreciable improvement in pump performance 
above that presented by the author would be obtained at an in- 
crease in cost inherent with the construction of larger equipment, 
The development of a satisfactory recovery of velocity head 
within a diffuser casing requires two separate and distinet stages. 
The first stage is developed within the diffusers opposite the 
periphery of the impeller and provides an outflow area 2.4 of the 
inflow area as described Tater. The second and final stage is in 
the conventional conical discharge nozzle also having an outflow 
area 2.4 of the inflow area for optimum performance. The casing 
channel at the end of the diffusers, because of the transfer of 
momentum opposite each diffuser, collects the fluid into a stream 
having a velocity distribution at the end of the last diffuser vane 
favorable to the recovery of pressure head in the expanding 
diffuser of the pump discharge nozzle. Experiments have indi- 
cated that the efficiency of a straight conical diffuser is greatly 
influenced by the distribution of flow at its inlet, and the best , 
design of casing would have a well-distributed velocity relation 


EFFICIENCY | | 
} —- We 
| SPEED" % 
| | iQ 
105% 
SPEED | | : 
@& 
at 
she 
cas 
re} 
be 
ch: 
ON? 
pla 
of 
out 
firs 
dif 
imu 
gre 
Th 
rat 
the 
ne 
the 
the 
thr 
the 
: I 
pas 
- 


DEVELOPMENT OF MOMENTUM 
TRANSFER BETWEEN FIRST 
AND SECOND STAGES OF 
DIFFUSION 


1=Momentum tronsfer 
(a) to(b 


initio! diffusion 
Ao 4A, 


(First stage) 


(b) 
DEVELOPMENT OF 
DIFFUSORS AND CHANNELS 
4 


Radia! clearance =004d 


4 
ny 


_~ +Conventiona! 


(c) | 
OUTLINES FOR As 
CONVENTIONAL diffusion, Ag-24 A 
AND COMPENSATED (Second stage) 
CASINGS 


Fic, 27 
at this point. 
ities in this regard. 

The initial design of diffuser casing prepared by the Bureau was 
on the basis of turbine draft-tube practice utilizing the principle 
shown in (6) of Fig. 27 herewith. The basic diffuser for both 

casings had « nominal outflow area of 2.4 of the inflow area which 


The diffuser-type easing offers the best  possibil- 


represents the optimum amount of negative acceleration which ean 
be obtained in a single stage of diffusion, as determined when the 
change in momentum of the stream within a closed conduit 
exactly equals the change in pressure. The number of vanes 
placed around the casing was selected to obtain an optimum ratio 
of height to breadth of water passage at the outflow in conform- 
ance with the best practice in fluid mechanics. 

Two methods of balancing the pressure and discharge through- 
The 
first casing provided for a variable amount of expansion in the 
diffuser ring with the greatest rate of expansion in the diffuser 
immediately following the tongue of the casing, because of the 


out the 360 deg of impeller periphery were investigated. 


greater amount of frietion head developed beyond this point. 
The estimated loss of pressure throughout the entire casing at 
rated capacity was approximately 2.20 ft, and therefore it was 
necessary to provide 2.20 ft greater recovery of velocity head in 
the first diffuser, as compared to the last diffuser. These adjust- 
ments were made on all vanes in a manner which would produce 
the same effective pressure around the periphery of the impeller 
thereby minimizing the amount of unbalanced hydraulic side 
thrust and creating substantially a uniform rate of flow through 
the various passages of the impeller. 

It is possible that the sudden change in pressure within the 
passages of an impeller, as the vanes pass the tongue of the pump 


As 


Maximum siope of walls 5 degrees 
A 


Ratio length to breadth = 30+ 


of impeller 
(d) 
ENLARGED SECTIONS FOR _ 
FINAL DIFFUSION 


Derains 


casing, may be one of the contributing factors to excessive cavi- 
tation and vibration. A sudden change in velocity of flow through 
a pump impeller when created by a change in pressure would 
have a eavitational effect because of the presence of inertia similar 
to that of a vibrating column as used in commercial cavitation- 
testing apparatus. The favorable sigma value obtained with the 
12-vane diffuser casing in the initial tests, where the pressure 
around the impeller was substantially uniform, lends support to 
this concept. 

Further investigations of the optimum design of diffuser casings 
resulted in the development of the method shown in Fig. 27(a). 
The purpose of this design is also to compensate for the losses in 
pressure head around the periphery of the impeller due to friction. 
The equalizing effect is accomplished within the casing proper by 
the transfer of momentum from the relatively higher velocity 
jets issuing from each consecutive diffuser to the slower moving 
fluid having been discharged into the casing from previous dif- 
fusers. This method may be compared to the transfer of mo- 
mentum and conversion to pressure of fluids as utilized in jet- 
pump designs whereby the momentum of one mass is transferred 
to a second mass having a lesser velocity in accordance with 
basie laws. The momentum theory states that W@, + Ms. = MM, 
or Qi Vi & Qe Ve = Qs Vo, that is, the velocity after mixing 


QV: V2 


3 


is illustrated in Fig. 27(a). 
The momentum transfer design of casing requires that the dif- 
ference in velocity head, as represented by the momentum and 
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pressure formula between each adjacent vane, will be equal to 
the friction head developed in the distance corresponding to 1, 
aus shown on the diagram of Fig. 27(a). This procedure differs 
from the one previously described in the respect that the re- 
covery of velocity head required to compensate for the loss of 
friction head in the corresponding section is created in the casing, 
whereas in the first design, the recovery was effected within the 
first-stage diffuser ring. 

After completion of the tests on the vanes with varying cléar- 
ances between the impeller and diffuser entrances, the vanes were 
cut off at the discharge edge until the outflow area of all diffusers 
were equal, The test on the altered diffuser ring did not result in 
any noticeable change in pump performance, and it is concluded 
that the refinement resulting from variable length diffusers is not 
justified. 
sion as the illustrations indicate that all six diffusers of the final 
Initial results did not indicate that the prin- 
ciple of the first design was important and the second lacks ex- 


The author has apparently come to thé same conclu- 
design are identical. 


perimental confirmation. The proposed methods, however, serve 
the purpose of arriving at a design of casing based on sound 
engineering principles. 

A casing designed to equalize the pressures around the pump 
impeller, independently of the friction developed within the cas- 
ing, has been designated as a “compensated” casing and differs 
from the conventional casing without a diffuser ring approxi- 
mately as shown in Fig. 27(c). Comparing the compensated 
sasing, having an optimum amount of diffusion in the first stage 


“with the casing described by the author, indicates that a proper 


design of 12-vane diffuser ring would require a somewhat larger 
It is likely that the differ- 
ence in performance between the 6 and 12-vane, diffusers, as 


casing than the conventional casing. 


shown in Fig. 5 of the paper, may be the result of an inadequate 
amount of diffusion in the first stage, and to the small hydraulic 
channels external to the diffusers. 
of various diameters would indicate this possibility. 

The author refers to the difficulty of devéloping the desired 
pumping capacity under the wide range of effective heads re- 
quired for the Grand Coulee development. During the early 
stages of the preliminary investigations conducted by the Bureau, 
it was realized’ that this objective may not have been possible of 
attainment. 
pumps were purchased with provisions for variations in’ speed of 
15 per cent above and below normal so that the best speed for 


Accordingly, the prime movers for the Grand Coulee 


pump operation could be obtained. Results of the investigations 
made to determine the effect of a change in speed of the pumping 
unit on the steepness of the head-discharge curve are presented 
in Figs. 25 and 26 herewith. These data show that the steepness 
of the head-discharge curves may be affected appréciably by 
changifig the speed of the unit. 

On the basis of the preliminary experiments, the specifications 
for the pumps required that satisfactory operation be obtained 
at constant speed throughout the full range of pumping heads. 
It was contemplated that the successful bidder would select char- 
acteristics whereby the rated speed of the unit ‘was increased above 
the normal optimum speed in an amount which would result in 
the desired operating characteristics within the specified range. 
It Was realized thfat the required performance would be obtained 
at an increase in cost of the pumping equipment since the capacity 
of the pump is lessened as its speed is increased. This, however, 
was considered tg be a proper approach to the problem since it 
offered means of operating the pumps at synchronous speeds from 
commercial electrical distribution systems at all times. This 
flexibility was highly desirable because of the ‘possibility of utiliz- 
ing excess energy for pumping which might be available from 
associated generating plants. It was also realized that some 
doubt would develop regarding the hydraulie performance ob- 
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tainable over such a wide range of head, and the minimum ae- 
ceptable warranty of efficiency was lowered accordingly. 

The author has further explored the possibility of increasing 
the steepness of the head-capacity curve, as shown in Fig. 4 of 
the paper, where it is evident that an adjustment at the entrance 
edge of the diffuser considerably affects the steepness of the head- 


. capacity curve. Some of the differences shown in this curve may 


be due to an increase in radial clearance between the periphery 
of the impeller and the entering edge of the diffuser vanes. 

In turbine practice it has been established that the clearance 
between the movable and stationary vanes should not be less 
than 4 per cent of the diameter of the runner at the vane tips. 
In the experiments conducted by the Bureau, a similar relation 
was found to exist for pumps. The first model, tested used a 
diffuser vane having a clearance at the periphery of the impeller 
of approximately 3 per cent of the impeller diameter. The per- 
formance was ‘erratic and generally unsatisfactory. The vanes 
were then cut back until a clearance of approximately 4 per cent 
of the impeller diameter was obtained, and satisfactory perfor- 
mance resulted. Further cutting of the vanes resulted in a loss 
in pump performance. 

The difference in the slope of the head-capacity curves shown 
in Fig. 3 6f the paper, may be due in part to the influence of the 
volute and diffuser vanes upon the characteristies of the flow as 
it leaves the pump impeller. It will be noted that the slope of 
the curve for the double-volute casing is somewhat more favora- 
ble than that of the fixed-vane diffuser casing. Best results are 
obtained with a fixed-vane diffuser if velocity traverses are first 
made to determine the exact angle of discharge from the impeller 
while it was being operated in a single-volute casing and the 
entrance to the diffusers designed to accommodate the actual 
It is not bekeved that the ealeulated 
angle is sufficiently accurate for the purpose of designing the en- 


measured angle of flow. 


Karly experiments with rings . trance to the diffusers. 


The wide range of development work described in the paper is 
the result of an interest in the Grand Coulee pumps and related 
engineering development work considerably beyond the require- 
ment for the manufacture of adequate pumping equipment. The 
author and his associates are to be highly commended for the 
professional attitude manifested in this important undertaking 
and the industry, as a whole, is indebted to this symposium for 
the presentation of the engineering problems and their solution 
in connection with the world’s outstanding pumping development. 


R. T. 
it presents the performance of an exceptionally good pump, but 


This is an exceptional paper, not only because 


also because it gives in detail the steps taken and the reasons for 
taking them in the design and development program that led to, 
Both the author and his company are 
to be congratulated on their achievement and their farsightedness 


this very successful result. 


in making this technical information available to the engineering 
profession. The writer is confident that this policy of free ex- 
change of knowledge will prove to be of benefit not only to the, 
engineering profession at large, but also to the individual organi- 
zations contributing to it.” 

The writer would like to emphasize one point brought out by 
the paper. It should be remembered that the diffuser-case design 
was selected for the Grand Coulee pumps, not for hydraulic 
reasons but to secure greater mechanical strength and lower cost 
of manufacture. These factors were of major importance in this 
installation, both because of the tremendous size of the pump 
-units and also because of the exceptionally low cost of electric 
power for their operation. From an hydraulic point of view, it 
is nearly certain that if the double-volute design could have been 

5 Director, Hydrodynamics Laboratory, California Institute of 
Technology, Pasadena, Calif. Mem. ASME. 
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used, somewhat better performance characteristics would have 
been obtained ; specifically, the head-capacity characteristic would 
been somewhat steeper, and the average efficiency 
would have been slightly higher. Therefore, although this design 
of the Grand Coulee pump represents a sizable step forward in 
the development of the diffuser-case volute pumps, it does not 
mean that it will now become the cure-all for all pump problems. 
Diffuser-case pumps now simply join the ranks of good design, 
superior for some applications, of equal merit with different types 


have 


for other installations, and inferior to other designs for still other 
requirements. 

It is interesting to note that the Grand Coulee pump departs 
quite radically from all previous diffuser-case designs employed 
in American and European practice. Although this design is de- 
scribed as a diffuser-case pump, it is truly a cross between the 
As 
One of the fundamental 
virtues of the double-volute type of design is that it establishes 
two Symmetrical discharge zones around the periphery of the 


normal fixed-vane diffuser design and double-volute case. 
such, it has some of the merits of both. 


impeller, and thus creates automatically a balanced system of 
The separating rib of the 
Grand Coulee pump divides the case very effectively into two 


radial forces for all conditions of flow. 


symmetrical volutes, each containing two fixed diffuser vanes. 
This geometrical result is Shown very clearly* in Fig. 6 of the 
Furthermore, 
show the effectiveness of this construction in securing low radial 
thrusts for all values of discharge. 


paper, Fig. 20 gives the measurements which 


There is another aspect of this pump that deserves emphasis. 
Up until very recently most pumps, large or small, have been 
purchased from specifications which required given performance 
characteristics at one operating point only. Specifications might 
also request a certain general shape of the head-capacity curve 
and deseribe other desirable operating characteristics. Contrast 
this to the requirements for the Grand Coulee machine. Here 
the minimum capacities are specified at two widely separated 
heads. The minimum efficiency is specified at one of these heads 
and the maximum brake horsepower is specified at still a third 
Furthermore, the pump must operate over this entire 
It would 
seem that this represents a definite trend for the future require- 
ments which will be set up for large units. Such pumps are truly 


head. 
head range with complete freedom from cavitation. 


“tailor-made” to fit the measurements of the installation. The 
Grand Coulee pump is a fine example of how good a’fit the manu- 
facturer can obtain for his customer with the help of a well- 
planned and executed design and development program, 

The writer must confess to some amusement concerning the 
dilemma in which both the manufacturer and the purchaser found 
themselves concerning the measurement of discharge head. The 
resulting solution might be called the triumph of specifications 
over good engineering judgment. 
the test results established quite clearly that for the velocity dis- 
tribution existing in the diffuser a short 10-deg diffuser followed 
by a length of full-diameter pipe was a little more efficient energy 
converter than the long 3-deg diffuser. 
the specifications the manufacturer is required to furnish a long 


As can be seen from the paper, 


Nevertheless, to meet 


diffuser and the purchaser to install it even though he thereby 
secures a slightly less efficient installation than if he had accepted 
the original design. 
the remarkably fine co-operation between the purchaser, the 
manufacturer, and the laboratory that existed throughout this 
successful development program. . 


This minor incident does not detract from 


A. J. Sreranorr.® The testing program reported by the author 
6 Development Engineer, Ingersoll-Rand Company, Phillipsburg, 
N. J. Mem. ASME. 
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Was initiated with the intent to find a better type of pump to meet 
However, the 
problems investigated are of general interest and deal with the 
most intimate design features tor which it is possible to build up 
a theoretical background and in this way to make results appli- 


special conditions of one particular installation. 


cable to different types. 

The following points are of particular interest to the writer: 
The first deals with the moot question of the impeller-inlet con- 
In a great majority of existing designs the impeller- 
inlet angles are “exaggerated,” or are considerably higher than 


ditions. 


those required for “shockless” entrance at the best efficiency 
point. The reason for such design ean be traced to a quite com- 
mon misconception that exaggerated inlet angles improve cavi- 
tation qualities of the impeller. Although a larger area for the — 
relative flow accompanies higher inlet angles, this may not pro- 
duce a greater flow for a fixed net positive suction head because a 
sizable portion of this area is not available to the flow on account 
of a bad (high) angle of attack. The author’s tests prove this. 
This has been known for some time to the leading pump manu- 
facturers.’ 

On the entrance-velocity triangles A and B, Fig. 11 of the 
paper, the author selects the vane-inlet angles for the impeller 
eye and hub diameters in such a way that the two lines intersect 
on figure A about 14 deg to the right and on figure B, 16 deg to 
the left of the vertical axis, both at capacities corresponding to — 
the head of 310 ft. This latter is not a best efficiency or design 
point. The objection to such an arrangement is that by allowing 
the same linear prerotation or the same tangential component of 
the absolute velocity (cy) for two different diameters would re- 
quire a different angular velocity for these two streamlines. As- 
suming the same pattern of flow will extend to the center of the 
eye, this would result in an infinite angular velocity there. This 
isthard to visualize in view of a constant angular velocity of im- 
peller causing this prerotation, 

A much simpler pattern of flow and a simpler rule for layout of 
impeller-inlet angles is obtained if the two lines representing 
the impeller vane angles are made to intersect on the vertical axis 
shown in Fig. 28 herewith. Then a desired degree of prerotation 
is obtained by moving point of intersection D, or changing the 
ratio Pi./Cmi, Where Cm is the meridional velocity at the best 
This ratio can be established experimentally 
Thus for horizontally split 


efficiency point. 
for different sucjion-nozzle designs, 


double-suction pumps, this ratio, being a measure of the degree _ 


of prerotation, is within the limits 1.25 to 1.42. For pumps with 
end suction nozzle, like the author’s pumps, lower values should 
If the velocity triangles in Fig. 11 of the paper are 
redrawn to comply with the foregoing method, and keeping the 
same angles at the impeller eye (28 deg for A, and 21 deg for B), 
the ratio’ = 1.41 for A, and 1.115 for B are obtained. The 


be used. 


7 The National Transit Pump and Machine Company, in its Bulle- 
tin 6000, 1947, p. 4, states that the minimum net positive suction- 
head requirement is accomplished by ‘using lowest practical im- 
peller-vane inlet angles’’ and maximum impeller eye area. 
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Angle at the hub will change from 48 to 44 deg for A, and from 33 
to 34'/. deg for B. The effect of such change on performance, if 
any, will be insignificant, but the method has the advantage of 
simplicity and a better theoretical reasoning. 

The physical meaning of the ratio Pi, /cm is the ratio of “shock- 
less’’ capacity to the normal or design capacity Qs/Q,. The 


writer has shown in a previous publication’ that the best efficiency 


point always occurs at a capacity lower than the shockless 
capacity. The pattern of flow following from the described 
method of inlet-vane layout requites a constant angular velocity 
of prerotation “at any capacity, which is the easiest thing to 
imagine and natural to expect. : 

It should be realized that the impeller-inlet conditions play 
only a minor part in comparison to the impeller discharge in 
locating the shockless and normal capacity of the pump. 

A study of the discharge conditions from the impeller also is 
interesting and instructive. For this the writer has plotted the 
best efficiency points of the tests from Figs. 10 and 13, on the 
writer’s chart of centrifugal-pump characteristics® (Fig. 29 of this 
discussion). On this, heads and capacities appear in dimension- 
less form, (points FE, F, G, H), and actual discharge-velocity 
triangles are obtained by joining these points with points A and 
O. All velocities appear on this chart as ratios to the impeller 
peripheral velocity at discharge. From inspection of this figure 
the following can be stated: . 

1 The points plot very closely* on the respective lines of the 
discharge angle 82, the two high angle points fall slightly above 

§ “Centrifugal and Axial Flow Pumps,” by A. J. Stepanoff, John 
Wiley & Sons, Inc., New York, N. Y., 1948, p. 173. 


* Ibhid., footnote 1, p. 184. 
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their respective lines. The latter could be expected as the per- 
formance of the author’s pumps is better than those for which 
the chart was intended (best commercial pumps). : 

2 The absolute discharge velocity angle az’ measures 13 deg. 
As far as can be ascertained from the small-scale drawings of the 
paper, the angle of the mean line of the diffuser vanes in B of 
Fig. 4 is approximately 13 deg. 

3 Note that all points fall on the same line of es’ (13 deg from 
the axis of heads), indicating that the peak-efficiency point is 
determined by the pump casing, which was the same for three 
impellers. If the casing were to be changed to suit the impeller- 
discharge angles, points would follow the constant specifie-speed 
line, which is associated with a given impeller profile. 

4 The absolute velocity at the impeller discharge for the poiut 
G (test Fig. 13) seales 0.525, which corresponds to 0.525 X 146.3 
= 76.8 fps absolute velocity (uz = 146.3 is the peripheral velocity 
at discharge). The average velocity at the diffuser inlet is caleu- 
lated to be c; = 54.8 fps. Some time ago the writer had prepared 
a curve, reproduced in Fig. 30 herewith, of what was called 
“volute velocity distribution factor” ¢;/e:’ = Ra. For the point 
G this factor is 54.8 76.8, = 0.713 which falls on the curve in 
Fig. 30. 
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The casing velocity-distribution Tactor represents the ratio of 
the average velocity in the volute or diffusion-vane casing to the 
maximum velocity at the impeller discharge. This latter is given 
approximately but very accurately by the writer’s chart, Fig. 29. 

The pump easing as finally adopted, with 6 vanes, was in- 
tended to provide mechanical strength to the casing and thus 
reduce its size and weight. Hydraulically the easing is equivalent 
to a double volute—with an addition of 4 guide vanes. With a 
diffusion angle of 40 deg in the radial plane (profile) and a small 
vane overlap, the 6-vane casing does not make a good diffuser. 

The beneficial effect of the “rib” on the velocity distribution, 
Fig. 6 a), and efficiency, Fig. -é “an be observed on any doub'e- 
volute pump as compared with single volute. In other words, 
hydraulically the 6-vane casing has no advantage over a double 
volute. 

B. L. VanperBorGcu.” The extensive and painstaking re- 
search necessary to design pumps of this magnitude becomes 
evident when the testing-program results are released. The 
author is to be commended for his clear presentation of valuable 
data. 


Comments by the author on several points would be enlighten- 


ing. It would be interesting to compare tests made with the 
© Hydraulic Division, Newport News Shipbuilding and Dry Dock 
,, Newport News, Va. Mem. ASME. 
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smooth pump casing with those of the segmented casing to learn 
* of the degree of difference in frictional losses between the two. 

It is noted the specifications permitted lengthening the pump- 
discharge nozzle beyond the original location, with a resulting 
gain in efficiency and head when pressure readings were taken 
farther downstream. This increased length was not allowed in 
testing the Granby pump models, and so, with due allowance for 
the difference in specific speeds and casing design, a comparison 
of test results is difficult. It is strongly urged that the reeommen- 
dations of the Hydraulic Institute be followed in locating dis- 
charge piezometer connections. Pumps then would be allowed to 
develup their full heads and test results would be comparable. 

In Fig. 6 of the paper the overlap of the diffuser vanes a-pears 
to be about 25 per cent of the vane length. This is a relatively 
short distance to allow for diffusion, and the reasoning that the 
water is more guided than diffused seems proper, for the figure 
also shows a rather rapid enlargement between vanes. Com- 
ments as to the percentage of velocity decrease in this diffusion 
area would be of interest. : 

It is noted in Fig. 16 of the paper that the point of discon- 
tinuity lies outside the operating range. This instability occurs 
at about 2 per cent above the high head condition and extends 
over a fairly broad range. A margin of 2 per cent appears rela- 
tively slight when it is considered that a surge of approximately 
200 cfs is involved. ; 

It is believed that data were taken well below the 270-ft head 
condition, but the H-Q test curves are not completely shown. 
Perhaps the author will describe the shape of the H-Q curve below 
270 ft head and mention where cutoff occurred. 


.AUTHOR’s CLOSURE 


The Bureau of Reclamation took an active part in the pre- 
liminary Grand Coulee model-testing program and also developed 
the first diffuser-type casing, so Mr. Winter’s comments are 
therefore of particular interest and his discussion a valuable 
addition to this paper. 

Mr. Winter suggests that a larger diffuser case with a greater 
diffuser expansion should reduce the unstable portion of the per- 
formance curve near the high-head condition shown in Fig. 3 
of the paper. 
impeller in two 6-vane diffuser cases, which had the same dif- 
fuser-vane entrance area but different ratio of the diffuser-vane 
inlet-to-outlet area. This ratio was 1.5 for a small case, the same 
as used in the final model for Grand Coulee, and 2.5 for a large 
case. The performance with the large case did not show any 
noticeable improvement in the unstable head-capacity range 
over the small case. The pump efficiency, however, as mentioned 
in the paper, was slightly higher for the pump with the large 
case than for the small case, and about equal to the pump effi- 
ciency obtained with the small case furnished with the separating 
rib. However, the weight of the large case was 25 per cent heav- 
ier than the small case. 

The two types of diffuser-vane designs, investigated by Mr. 
Winter, to develop even pressure distribution around the impeller 
periphery have a great deal of merit. His reasoning, however, is 
based upon the assumption that the outlet velocity from the dif- 
fusers and the velocity in the volute sections are uniform. Actual 
measurements show uneven velocity distribution at the end of 
the volute discharge cone (see Fig. 8 of the paper), and the ve- 
locity distribution between the diffuser vanes shows a greater 
variation. It is therefore difficult to suggest a diffuser-vane 
design which will give balanced pressure distribution around the 
periphery before this uneven velocity type of flow has been further 
explored. 

The effect of change of speed on the steepness of the perform- 
ance Fig. 25 and Fig. 26, gives the mis- 


The author ran performance tests with the same 


shown in 


curves, 
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leading impression that the slope of the performance curve 
could easily be changed. These curves are calculated from the 
same model performance by changing the size model ratio, 
which means operating the model at different speeds to meet 
the same operating point. This, in reality, is nothing more than 
moving the operating point up and down the same performance 
curve. The smaller pump at higher speed would move the oper- 
ating point down on the performance curve and result in a 
steeper performance curve, but with reduced pump efficiency at 
the 310-ft operating point (see Fig. 16). A larger pump at lower 
speed would move the operating point up on the performance 
curve and improve the pump efficiency at the 310-ft operating 
point, but the high-head point would move closer to the un- 
stable portion of the head-capacity curve. 

The author agrees with Dr. Knapp that the Grand Coulee 
type diffuser casing has no hydraulic advantage over the double- 
volute case, but is hydraulically inferior. Unquestionably, the 
double-volute case will remain the practical and best solution 
in most pump designs, and the division line between it and the 
Grand Coulee type case will be determined by various factors, 
such as, size, test pressure, number of units involved, and others. 
Dr. Knapp’s complimentary remarks, which clear up further 
some of the problems posed by the condition of operation of these 
pumps,are greatly appreciated. 

Dr. Stepanoff shows a suction-vane layout, which has a better 
theoretical background than the one used by the author, if we 
suppose uniform radial velocity approach in the impeller eye 
at all capacities. In the design of entrance-velocity diagrams, 
consideration should be given to the uneven flow distribution in 
the impeller eye, which is of greater variation than measured at 
the suction flange, shown in Fig. 21 of the paper. The author 
agrees that the minor differences in vane angle arrived at by 
Stepanoff’s and the author’s procedure will have no significant 
effect on the performance. 

The author feels gratified that the model-test results and pump 
proportions are in agreement with Stepanoff’s excellent charts 
The author objects to the quotation that the minimum suction- 
head requirements are obtained by using lowest practical im- 
peller-vane inlet angles and maximum impeller-eye area. While 
the word, “practical” somewhat excuses the statement, it is well 
known to designers that the cavitation depends on the absolute 
inlet velocity which is the vector sum of peripheral and radial 
velocity, and that there is a ratio of these two velocities at. which 
the cavitation will occur at the minimum head. 

The pump casing as finally adopted is not equivalent to a 
double-volute case with additional guide vanes as claimed by 
Dr. Knapp and Dr. Stepanoff, but must be considered as a dif- 
fuser-type case with a dividing rib. The main purpose of a 
double-volute-case design is to balance the radial forces acting on 
the impeller, and therefore all volute sections 180 deg apart in a 
double-volute case are identical in area and shape. In the 
separating-rib-type case, however, the final volute sections 180 
deg apart differ materially in shape with a half-circle shape in 
one, and a trapezoid shape in the other. 

The last paragraph in Dr. Knapp’s diseussion is an excellent 
answer to Mr. VanderBoegh’s remark regarding the length of the 
discharge cone. The author strongly supports Mr. Vander- 
Boegh’s recommendation that pump specifications should be 
based upon the Standards of the Hydraulic Institute and no 
deviations allowed. 

The diffuser-vane length is determined by the chosen pump- 
case size or the ratio of diffuser-vane inlet-to-outlet area, A ratio 
of 1.5 was used in the diffuser-case design finally adopted, and 
the total diffuser-vane cone angle in the direction of flow was 12 
deg, which is somewhat larger than the 8 deg recommended for 


uniform flow. In pump cases where the flow is far from uniform, 
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tests with cases having a total discharge-cone angle of 15 deg, 
have given the same pump efficiency as cases with 8 deg. 

The instability in the head-capacity curve is admittedly close 
+o the high-head operating point, but it is difficult to determine the 
percentage of safety required to guard against surges. The 
model development accomplished two major improvements in 
this respect: (1), It moved the unstable portion of the horse- 


power curve further away from the high-head point. (2) It’ 


eliminated the dip in the head-capacity curve, and thereby pre- 


TRANSACTIONS OF THE ASME 


JANUARY, 1950 


vented the pump from passing over a hump in the performance in 
case of a major surge. $ 
Test data were taken for heads as low as 200 ft with 145 ft 
NPSH at the pump suction, and the head-capacity curve con- 
tinued on the smooth eurve without a sign of instability or cut- 


off. 


In conclusion, the author wishes to thank the discussers for 
their encouraging comments and yaluable contributions to this 


paper. 
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In practical applications of temperature measurements 
where the temperature-sensitive bulb assembly is fastened 
rigidly to a containing vessel, heat-conduction errors must 
be considered in order to determine the accuracy of the 
indicated or recorded temperature. This paper presents 
for various thermometer-bulb assemblies, the experi- 
mental magnitude of the heat-conduction error possible 
in a medium with a low heat-transfer coefficient (air), 
and in a medium with a high heat-transfer coefficient 
(water). The effect of heat-conduction error on the over- 
all response in simulated practical installations is dis- 

* cussed. It is shown that comparative information on re- 
sponse action of any type of temperature-sensitive element 
necessitates careful considerations of the condition of 
attaching the element to a wall or vessel, where heat- 

. conduction effects are present. 


5 PRACTICAL CONSIDERATIONS 


6 N practical applications of temperature-measuring instru- 

‘ ments, it is desirable that the temperature of the medium be 

indicated or recorded accurately and promptly, despite varia- 

tions of the temperature outside the vessel containing the medium. 

In many applications, the measuring bulb, by means of a union 

connection, is fastened rigidly into a threaded bushing which is 

attached permanently to the containing wall. A supporting non- 

sensitive extension for the bulb usually separates the sensitive 

portion from the union connection, Fig. 1. For other appli- 

cations, the bulb‘is inserted into a protecting well, Fig. 2, and for 

convenience of removal it is necessary that the bulb be smaller 

than the inside diameter of the well, resulting in an air gap be- 

tween the bulb and the well. A liquid or metallic filler may be 

interposed between them, but in all cases, the transfer of heat 

from the medium to the sensitive portion of the bulb is retarded. 

The primary requirement in measuring temperature is to trans- 

fer heat from the measured medium to the fluid inside of the sensi- 

tive portion of the bulb in the shortest possible time. It is also 

required that a minimum amount of the heat available from the 

measured medium .must be lost to the union connection and 
vessel walls by way of the bulb extension. Where a well is used, 
the condition is aggravated because heat will also escape by way 
of that portion of the well which surrounds the bulb extension. 
The accufacy of measurement for a given application under a 
steady state of heat flow will be dependent upon the amount of 
heat lost to the union connection and the well head in a unit time. 
In the majority of cases, the temperature around the thermometer 
head will change with time, causing a change in the rate of heat 
loss. This change in heat flow will also influence the indicated 
temperature reading, an effect particularly emphasized in in- 
stallations where the measured medium has a low heat-transfer 

' Development Engineer, The Bristol Company. 

Contributed by the Industrial Instruments and Regulators Divi- 
sion and presented at the Spring Meeting, New London, Conn., 
May 2-4, 1949, of Tue American Society or Mecuanicat Enat- 
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Heat-Conduction Errors j 
‘Temperature Measurements 


By L. E. SMITH,! W 
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value, such as flowing gas or air. Here, too, the over-all rate of 
response of the thermometer bulb will be seriously affected. 

Others have written papers on response characteristics of ther- 
mometer elements (1, 2, 3)? and heat-conduction effects (4, 5) 
The object of this paper is to present experimental data simulat- 
ing practical applications, to indicate the magnitude of heat-con- 
duction errors, and to show how heat conduction influences the 
response time of thermometer bulbs. Means for improving the 
over-all performance of an instaliation are studied. Filled-system 
thermometer assemblies are utilized in this investigation, but 
similar results will be obtained with resistance-bulb or thermo- 
couple assemblies. 

Test EquirpMENT 

The thermometer system used in the tests was liquid-filled, and 
consisted of a union-connected bulb, Fig. 1, which was connected 
to the recording Bourdon-spring element by 10 feet of capillary 
tubing. The spring element was installed in a regular recording- 
thermometer case, and readings recorded on a 12-in-diam chart 
driven by a clock mechanism. This system was of the fully com- 
pensated variety, so that changes in ambient temperature of the 
capillary tubing or spring element had no effect on the recorded 
reading. 

In the case of the union-connected bulb with bushing, all heat- 
conduction loss is through the extension, and the factors which 
affect the rate of heat loss from the sensitive portion of the bulb to 
the head and bushing for a given application are as follows: 

? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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a) The thermal conduantivity of the material of the extension; 
b) the cross-sectional area of the extension; (c) the length of the 
extension. In the tests, the following combinations of bulb and 
extension were used (extension was 1'/, in. long in all cases; 
., see Fig. 1, for actual dimensions): 


1 Copper bulb, with '/;in-OD X 0.155-in-ID copper exten- 
sion. 

2 18-8 stainless-steel bulb, with '/-in-OD xX 0.155-in-ID 
18-8 stainless-steel extension. 
3 18-8 stainless-steel bulb, with '/<in-OD X '/j.-in-ID 18-8 
stairxless-steel extension. 


When the bulb is installed in a well, the heat loss is the total 
through the portion of well surrounding the extension, and 
a through the extension. The design factors which affect the 
Bros of htat loss from the body of the well surrounding the sensi- 


hic. Heat-Conpuction Apparatus INs?aALLep IN Batu 


CONNECTOR 


1 Copper bulb with '/,-in-OD X 0.155-in-ID copper exten- 
sion in (a) a finned aluminum well with 0.142-in. wall; (6) a finned 
18-8 stainless-steel wéll with 0.142-in. wall. 

2 18-8 stainless-steel bulb with '/;~in-OD X 0.155-in-ID 18-8 
stainless-steel extension in (a) a finned aluminum well with 0.142- 
in. wall; (b) a plain aluminum well with 0.142-in. wall; (c) a 
plain aluminum well with 0.045-in. wall; (d) a finned 18-8 stain- 
less-steel well with 0.142-in. wall; (e) a plain 18-8 stainless-steel 
well with 0.142-in. wall; (f) a plain 18-8 stainless-steel well with 
0.045-in. wall. : 

3 18-8 stainless-steel bulb with '/;-in-OD X !/,.-in-ID 18-8 
stainless-steel extension in (a) a finned aluminum well with 0.142- 
in. wall; (4) a plain aluminum well with 0.142-in. wall; (c) a 
finned 18-8 stainless-steel well with 0.142-in. wall; (d) a plain 


18-8 stainless-steel well with 0.142-in. wall; (e) a plain 18-8 stain-* 


less-steel well with 0.045-in. wall. 


The heat-conduction apparatus used to determine the perform- 
ance of the bulb and well assemblies is shown in Fig. 3. It con- 
sists essentially of a copper plate provided with a pipe thread for 
holding the well or the bushing for the union-connected bulb. A 


tive portion of the bulb are the same as for the bulb extension. In 
the design of the well it is possible to increase the external area of 
the surface exposed to the medium to improve the rate of heat 
flow. The following combinations were used to determine the 
effect of the various factors (see Fig. 2 for well designs): 
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thermocouple was imbedded in the copper plate, the temperature 
of which was recorded continuously and controlled by a recording- 
potentiometer input controller. Heat was supplied by a resist- 
ance coil, and the temperature of the plate was varied by adjust- 
ing the set point of the controller. The plate-and-coil assembly 
was fastened rigidly inside of a monel tank. The complete unit 
could be handled easily and moved from one water bath to an- 
other, or quickly placed in the air chamber, as shown in Fig. 3. 

The air chamber’ was used for studying response action and 
heat-conduction errors of the various thermometer-bulb assem- 
blies in a flowing air medium. It consisted of a long piece of brass 
pipe connected rigidly to an upper chamber which housed the 
heat-conduction apparatus. The air chamber was heated to a 
constant temperature by first passing the air through 5/;.-in- 
diam coiled copper tubing submerged in a controlled water bath 
and then bleeding it into the chamber through a number of small 
holes in the tubing. The flow rate was controlled by measuring 
the pressure drop across a calibrated orifice, and the velocity of 
air past the inserted bulb or well in the chamber was calculated. 

Air chambers were installed in each of two adjacent water 
baths, one bath being held at 70 F, the second bath at 120 F. 


EXPERIMENTAL PRocEDURE 


The tests were conducted in water, a medium with high heat- 
transfer coefficient, and air, a medium with low heat-transfer co- 
efficient. -In the water-medium tests, the heat-conduction appa- 


IN TEMPERATURE MEASUREMENTS 73 
duction-plate apparatus from the cold-air chamber to the hot-air 
chamber. The procedure was identical with that in the water- 
bath tests, except that the temperature of the heat-conduction 
plate was raised in 20 F intervals to provide additional points 
on the extension conduction-error curve. 

In addition to the foregoing tests, the response of the various 
bulb and well combinations in the water bath and air bath was ob- 
tained in the usual way without the heat-conduction apparatus, 
that is, by moving the unattached bulb assembly from one bath 
to the other. In the air bath, a third method of obtaining re- 
sponse was utilized. The heat-conduction plate was heated up 
to the hot-air temperature prior to the insertion of the heat- 
conduction apparatus from the cold-air chamber to the hot-air 
chamber. It remained in the cold-air chamber until tempera- 
ture equilibrium was obtained. Extension conduction effect on 
the response action was thus obtained from heat flowing into the 
sensitive portion of the bulb. 


Data Derivep From Tests 
Water-Bath Tests. The response time for a 63.2 per cent change 
(1) (called time constant or time lag), a 90 per cent change, and 
the heat-conduction factor are tabulated in Table 1 for an agi- 


TABLE 1 PERFORMANCE OF UNION-CONNECTED BULB AS- 


SEMBLIES IN AGITATED WATER® 


Response time, see—~ 


53.2 Extension Heat- 
ratus was placed in the cold bath with the monel tank partly sub- Well weed prolong pte conduction contortion 
merged. Sufficient time was allowed for the heat-conduction* _ 14 31 0.010 
plate and bulb to reach their equilibrium temperature con- eee x 
ditions. The apparatus was then transferred quickly to the hot 120 
bath, and equilibrium conditions again reached. Time-tempera- Plain........... .. {63 132 0.056 
ture curves of the bulb-assembly response were obtained on the O.045-in. wall f a 
recording thermometer, and similar curves for the copper con- a Ree ree 78 175 0.059 Yes 
duction plate were obtained on the recording-potentiometer con- 
troller. The temperature of the heat-conduction plate was then t/ein-OD 0.155-in-ED extension. 
raised about 50 deg F by connecting the heating unit to the con- 


troller, and equilibrium conditions were again reached. The re- 
corded change in the temperature of the bulb assembly was noted 
for the temperature change of the heat-conduction plate. The 
change in bulb temperature due to 1 deg change in plate tempera- 
ture is called the “extension conduction error,” a term which will 
be used throughout this paper. 

In the air-medium tests, the heat-conduction-plate apparatus 
with bulb assembly, installed in the air-chamber unit, was located 
in the cold-water bath. Response of the bulb assembly in air at a 
given velocity was determined by transferring the heat-con- 


aan 
The complete response actions of the 
bare bulb and the various bulb and well combinations are shown 
in Fig. 4. It should be noted that data include tests made both 
with the assembly attached and not attached to the heat-condue- 
tion plate. 
OD X 0.155-in-ID stainless-steel extension was used. 
It is seen that with a bulb assembly immersed in a fluid with a 
high heat-transfer coefficient such as water: 


tated water-bath medium. 


In all these tests a stainless-steel bulb with a '/,-in- 


1 The heat-conduction plate has no effect on the response of 
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EXTENSION CONDUCTION ERROR 


the union-connected bulb assembly with bushing whose exten- 
sion-conduction error was very low. 

2 The heat-conduction plate has only a small effect on the re- 
sponse of the union-connected bulb assembly with well. The 
response action is slowed down about 10 per cent when the 
heat-conduction apparatus is used. 

3 The material of the well has some effect on the response, the 


response depending upon the thermal conductivity and heat capac- 
ity of the well material. ‘ 
4 The use of fins on a well, as applied and designed here, does 
not improve the response or materially affect the conduction — , 
error. 
5 The use of a well produces an extension conduction error re} 
which is practically independent of the material of the well. - $ : 
6 Extension conduction errors are negligible for a bulb with a ’ 
stainless-steel extension immersion of 1'/. in. installed in a 
bushing. 
In order to check the extension conduction effects obtained $ 5 
with the heat-conduction apparatus, a separate installation was Ee. ; | 
made by inserting the well in a bushing welded into the sheet- PS “a _SS_ BULB WITH ly’ SS. EXTENSION : 
*metal side of the water bath used for the tests. With the bulb a. | es | 
installed in any of the listed wells, the recorded reading after : 7 ducti 
equilibrium conditions were obtained was */, F lower than the _ page 
reading with the bulb suspended at the same position in the bath, 
but not rigidly connected to the metal side. The temperature of ; . midis 1 
the exposed head of the well was 105 F, while the water bath itself CLANS TEENS CHAN -F* condi 
7 was 120 F. This gave an extension conduction error of 0.05, “Fre. 6 Errect or Fins on Wett anv or Wet Taickness 4 sion « 
which agreed with the results obtained with the heat-conduction , (Air velocity, 250 fpm.) less-s 
apparatus. 
It is thus apparent that even in the best of heat-transfer media, Air Bath Tests. The extension conduction errors obtained with from 
the bulb assemblies must be considered carefully. In applieca- different union-connected bulb assemblies and varying plate tem- from | 
tions where the length of the extension is shorter, the cross- peratures are shown in Fig. 5, for an air velocity of 250 fpm. Its 
sectional area of the extension is greater, or the extension material The relationship between plate temperature and extension con- of the 
has a higher heat conductivity than the design tested, the exten- — duction error is found to be linear. The following conclusions are 1 /»in- 
sion conduction error will be greatly increased. This condition possible for the various bulb assemblies with well: condu 
greatly 1 The worst combination is a bulb with a good conducting the st: 
in the following discussion on results in the air bath. extension (copper) and a good conducting well (aluminum). A Res; 
1.7 F change in the plate temperature causes a 1 F change in bulb bulb a 
reading, or 0.59 extension conduction error. sion 
2 If the well material only is changed to a less conducting in all 
: material (stainless steel) a small improvement is noted; 0.50 ex- “appar 
2s) ‘ tension conduction error. runs, 
3 If the extension material is changed to a less conducting from t 
. material, the improvement ‘is more marked; 0.37 extension In T 
conduction error. is the | 
ech “ 4 If both the extension and well materials are changed to less With tl 
. conducting materials, the improvement is outstanding, with the temper 
: extension conduction error decreased to 0.11. This combination test, ar 
z would be a desirable one for practical installations. to the 
5" In considering bulb assemblies with bushing, in which the bulb gk 
t is directly exposed to the air medium, the following-is obse-ved 
from Fig. 5: 
2 1 With the copper extension, the extension conduction 2 T 
é error is 0.17. Thus this bulb alone produces « greater error than the hea 
_@ . that obtained with the best bulb assembly with well combi- sect 
7 FI nation in item 4 of the foregoing conclusions. uni tin 
I Y 2 If the extension is changed to '/,-in. stainless steel, the ex- 3 iT 
Vi tension conduction error is decreased to 0.071. 
Tt BULB ONLY 3 If the cross-sectional area of the stainless-steel extension is the 
= Ye" SS EXTE | decreased by use of */s-in-OD X '/i,-in-ID instead of '/,-in-OD The div 
) 10 20 ° 30 i. a6 X 0.155-in-ID material (area ratios of 1 to 3), the extension action is 
PLATE TEMPERATURE CHANGE~F conduction error can be reduced to 0.043. 


Fre. 5 Extension Conpuction Error or Various Union-Con- 
Bute AssemBiies WitH BusHING AND With WELLS 
(Air velocity, 250 fpm.) 


A series of tests were made on wells to study the effect of fins, 
and also of the thickness of the well wall on the extension con- 


This 


cessity « 


= 
| 2 a o0e 


S.S.BULB ONLY 
SS 


SMITH—HEAT-CONDUCTION ERRORS IN TEMPERATURE MEASUREMENTS | 


PER CENT OF RESPONSE 
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duction errors (see Fig. 6, for data.). The following conclusions 
can be made: 


1 Removal of the fins from the well increases the extension 
conduction error. In the case of the aluminum well, the exten- 
sion conduction error is increased from 0.33 to 0.50; for the stain- 
less-steel well, from 0.083 to 0.132. 

2 A decrease in the wall thickness of the stainless-steel] well! 
from 0.142 to 0.045 in. decreased the extension conduction error 
from 0.132 to 0.091, 


It should be mentioned that a change in the cross-sectional area 
of the stainless-steel extension from '/.-in-OD X 0.155 in. ID to 
'/-in-OD X '/,-in-ID produces a decrease in the extension- 
conduction error from 0.11 to 0.083, when the bulb is used with 
the stainless-steel finned well. 

Response in Air. In Fig. 7 the response of the union-connected 
bulb assembly with bushing and wells is shown. A bulb exten- 
sion of '/s-in-OD X '/j-in-ID stainless-steel material was used 
in all cases, The actual temperature of the heat-conduction- 
apparatus plate is also plotted with time for the given response 
runs. In this part of the test, the plate was allowed to heat up 
from the natural flow of heat from the well and bulb. 

In Table 2, data taken from Fig. 7, are tabulated. Also shown 
is the 90 per cent response time of the same assemblies obtained 

. With the heat-conduction-apparatus plate heated initially to the 
temperature of the hotter air bath before beginning the response 
test, and with the bulb assembly being moved from one chamber 
to the other without the use of the heat-conduction-apparatus 
plate. 

From Fig. 7 and Table 2 it is seen that: 


1 The less the extension conduction error, the better is the 
response acon, 

2 The greater the extension conduction error, the faster does 
the heat-conduction-apparatus plate heat up. This is to be ex- 
pected, as more heat flows up the well wall and the extension per 
unit time. 

3 The response of a bulb assembly when immersed directly 
from one bath to another is much better where heat conduction 
can be disregarded than where heat conduction can function. 
The divergence between the two methods of obtaining response 
action is more marked for a poorly designed bulb assembly. 


CONCLUSION 


This paper has attempted to show the advisability and the ne- 
cessity of considering the complete design of any type of a tem- 
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TABLE 2 PERFORMANCE OF UNION-CONNECTED BULB 
ASSEMBLIES IN AIR AT 250 FPM@ 
—Responge time, min— 
63.2 90 Extension Heat- 
per cent per cent conduction conduction 
Well used change change error apparatus 
2.5 5.7 0.043 Yes 
be 6.0 Yes— Heated 
5.3 No 
Plain 16 58 0.50 Yes 
aluminum, 5.6 Yes—Heated 
0.142-in. wall | 15 No 
Plain (5.3 25 0.13 Yes 
stainless steel, 11 Yes — Heated 
0.142-in. wall | 15 No 
Plain 3.5 13° Yes 
stainless steel, No 
0.045-in. wall 
— { 
X !/i¢-in-ID stainless-steel extension. 


Nore: Under heat-conduction apparatus, ““Yes——heaied” refers to the 
condition where the conduction apparatus was heated before moving the 
assembly from the cold bath to the hot bat! / 


/ 

perature-measuring bulb from the viewpoint of extension con- 
duction errors, rather than from the response action of a bulb or 
bulb-and-well combination, as ordinarily obtained by simply 
moving the bulb or bulb assembly from one bath to another. 
* In the case of a measured medium with a good heat-transfer 
coefficient, this common way of obtaining the response character- 
istic is generally acceptable. However, designs are possible 
where there may be considerable heat transfer, resulting in large 
extension conduction errors. This is true in a design with no ex- 
tension between the sensitive portion of the bulb and the union 
connection, or where a short extension has a large cross-sectional 
area and is composed of a good heat-conducting material. 

In a poor heat-transfer medium, the usual way of obtaining the 
response characteristic is not advisable, unless one knows that 
heat-conduction effects are negligible. Extension conduction 
errors may be very large in many industrial applications, particu- 
larly where it is necessary to use a protecting well. Comparative 
response actions in practical applications may be entirely different 
from those obtained by the customary laboratory methods. 

In general, it is recognized that the lowest extension-conduction 
error can be realized by the proper selection of material, a mini- 
mum cross-sectional area of the well and the connecting extension 
of the bulb, and a maximum length of the extension between the 
sensitive portion of the bulb and the union connection to the well. 

Too often, a thermometer system is condemned as having cali- 
bration error, or not being propertly compensated for ambient- 
femperature changes. This observation may be based upon a 
check with a mercury-in-glass test thermometer placed in another 
well with an extension conduction error which may be much differ- 
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ent from that of the recording thermometer bulb-and-well in- 
stallation. The discrepancy noted may be the result of exten- 
sion conduction errors, and will vary with the ambient tempera- 
ture. On the other hand, an agreement between the mercury-in- 
glass thermometer and the tested thermometer system does not 
necessarily mean accurate calibration, as they may possess similar 
extension conduction errors. It is necessary to know the imagai- 
tude of the extension conduction error of the test thermometer in 
.order to determine the exact performance of the meusuring- 
thermometer system. 

The best way to overcome the effects of heat conduction is the 
familiar method of covering the thermometer head and iis con- 
taining vessel with insulation so that the head remains at the 
approximate temperature of the measured medium and will not . 
change measurably with ambient-temperature changes. 

This paper has touched upon the high lights of the variables 
which result in heat-conduction losses, and has not attempted to 
consider errors due to other effects such as radiation, Such errors 


vol. 7, October, 1926, pp. 273- 


would be added to those from heat conduction to give the over-all 
errors. Also statements made are based upon a given immersion 
assembly; for a different immersion, the relative performance 
may be altered. 
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~ Fatigue Tests on Flanged Assemblies | 


By A. R. C. MARKL! ann H. H. GEORGE,? LOUISVILLE, KY. 


Qualitative differences between the various types of pipe 
flanges in common use have long been recognized, but 
their quantitative evaluation in terms of rules, formulas, 
or ratings which could be used as a guide by the practicing 
engineer has been accomplished only partially. Two 
problems are involved, i.e., the determination of the 
strength and tightness of a flanged assembly under in- 
ternal pressure, and the other the effects of the variable 
bending moments associated with mechanical vibrations 
or temperature fluctuations of the flowing medium or 
surrounding atmosphere. The present investigation is 
intended to contribute toward an understanding of the 
latter phase; stress-intensification factors are reported 
which have been obtained from fatigue tests of full-scale 
assemblies of 4-in. flanges of the 300-lb ASA pressure class 
and hence are directly applicable to piping flexibility 
calculations. . 


INTRODUCTION 


F LATE, a growing demand for a more complete under- 
() standing and detailed evaluation of the components en- 
tering into the design of pressure containers and piping has 
made itself felt. In the pressure-vessel field, this has led to the 
formation of the Pressure Vessel Research Council which already 
has produced valuable information on the magnitude of local 
* stresses at shell-to-head junctions and other related problems. In 
the piping field, evidence of the same trend is to be found in the 
efforts of a special subgroup of Subcommittee 3 of ASA Sectional 
Committee B16 to define more closely the limitations of the 
commonly used types of pipe flanges and to differentiate between 
their pressure ratings. 

The pressure-vessel flange problem is primarily One of statics 
and involves an evaluation of the interaction of bolt extension, 
gasket compression, and flange rotation under the effects of an 
applied bolt load and internal pressure, as it affects flange stress 
and, perhaps more significantly, joint tightness. For flanges 
forming pat of a piping system, an additional, dynamic problem 
arises, namely, that of evaluating the useful life of assemblies 
subject to cyclic bending moments caused by mechanical vibra- 
tions or thermal changes. 


Score or Tests 


The investigation reported herein relates to the latter dspect of 
the problem. While it has been initiated with the express pur- 
pose of assisting ASA Committee B16 in its difficult task of defin- 
ing the proper uses, ratings, and limitatiens of different flange 
types, at the same time it is to be considered as part of a com- 
prehensive fatigue-testing program on full-scale piping assemblies 
undertaken by the authors’ company as a service to the industries 
which use its products. 

Cyclically reversed bending tests were carried out on assem- 
blies involving the following types of commonly used flanges: 

1 Chief Research Engineer, Tube Turns, Inc. 

Research Engineer, Tube Turns, Inc. 


Contributed by the Power Division and presented at the Spring - 


Meeting, New London, Conn., May 2-4, 1949, of THe AMERICAN 
Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—S-6. 


(A) Slip-on flanges. 

(B) Socket-welding flanges. 

(C) Welding-neck or butt-welding flanges. 
(D) Ring flanges. 

(E) Lap-joint flanges. 

(F) Threaded flanges. 


Wherever different methods of attachment could be visualized, 
their influence on the life of the assembly was explored separately. 
For instance, in the case of slip-on flanges, not only were two types 
of double-welded designs tested, but separate runs were made with 
a hub weld only and a face weld only, to determine their relative 
contributions to the endurance strength of the assembly. In the 
case of socket welding flanges, similar investigations were carried 
out and, in addition, an attempt was made to evaluate the effect 
of the relative proximity of front and back welds; also to find out 
whether any significant differences in strength are evident where 
the pipe is butted against the bottom of the socket as compared 
with a loose assembly leaving a gap at the end of the pipe. In the 
case of threaded flanges, some assemblies were made up with nor- 
mal thread engagement, and others with the pipe threaded 
through the fiange and refaced. Every one of the basic variants 
is illustrated in Fig. 1. 

All the assemblies involved in the main test series were made 
using 4-in. carbon-steel flanges of the 300-lb ASA pressure class 
and standard weight (Schedule 40) pipe, all welding being done 
by the Heat and Power Corporation, Baltimore, Md., employing 
welders qualified by The Hartford Inspection and Insurance 
Company. 

Supplementary tests were run with some of the same types of 
assemblies, but using ordinary experienced welders who had 
been instructed expressly to deposit the minimum amount of 
welding which might be considered as passing the requirements 
of Section VIII of the ASME Boiler Construction Code, the 
express purpose being to widen the range of the test data and 
assure that any values derived for design use would be reasonably 
conservative. 

A further supplementary test series, restricted to slip-on and 
welding neck flanges, was run with pipe of 0.080 in. wall thickness 
to obtain.an idea of the size effect; this test series, besides provid- 
ing direct information on assemblies involving 4-in. light-wall 
pipe, also might be considered as a model test of, say, a 12-in. 
flange attached to standard-weight pipe. 


MATERIALS AND PREPARATION 


All assemblies were of 4-in. nominal size, the flanges being 
made of forged steel and conforming to the 300-lb American 
Standard, and the pipe’ and lap-joint stub ends to standard 
weight (except for the supplementary tests on lightweight pipe 
referred to previously). Dimensional and materials information 
on these components is compiled in Table 1. 

Through-threaded bolt studs of */, in. diam and SAE 4140 
material were used to attach the test flanges to the mating 
flanges on the adapters, which were designed to be slightly stiffer 
to assure that flange failure, if encountered, would occur in the 
test specimen rather than the adapter. The physical properties 
of the studs conformed to the requirements of ASTM Specifica- 
tion A193, Grade BC. The semifinished hexagon nuts con- 
formed to the heavy series of ASA Standard B18.2. 

Gaskets were '/i. in. thick X 4 in. ID X 7!/sin. OD asbestos 
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he hub welds were specified to be #/s-in. leg size or approximately 15 per cent heavier than required by the Code for Pressure Piping; the deposited 
welds actually ranged from 7/isto "/js in. Symbol r denotes weld deposited against a 521/s-deg recess, while symbol f denotes an ordinary fillet 
weld. The end welds for the slip-on flanges were full-fillet welds, the dimension e from the end of the pipe to the flange face being held to approximately 
‘/s in. The values ¢ and p marked opposite each variant, respectively, denote the stress intensification factor and percentage of fatigue life in terms 
of that of straight pipe. The values noted opposite Bl, B3, and F represent averages, weighted by the number of tests, of the subvariants shown 


thereunder.) 


TABLE DIMENSIONAL 


Dimensional Materials 
* standard specifications 
... ASA B36.10 ASTM A-106, Gr. B 
Lap-joint stubs......... sees ASA B1IG.9 ASTM A-106, Gr. B 


@ The ring flanges were machined from forged flanges. 

composition, manufacturer’s designation “Tenax.” A new gasket 
was used for each assembly; it was applied dry, without prior 
wetting or the use of a gasket compound. 

The welds made in joining certain flange types, notably the 
slip-on and socket welding variants, were of two markedly dif- 
ferent qualities. All the welding for the main test series was 
carried out by ASME Code qualified welders; while not strictly 
code welds (since they were not code-inspected or chipped to the 
extent customary when preparing for code inspection), the,welds 
may be considered representative of good commercial practice; 
they were generously proportioned (the fillets attaching the 
flange hubs were practically full size) and presented a smooth, 
somewhat concave contour. By contrast, the welds prepared 
by welders of the research department of the authors’ company 
for the supplementary tests, which were meant to represent the 
least weld size and quality compatible with code requirements, 
were small (the weld size on hub fillets was of the order of °/j. in. 
to */, in.) and of a beadlike, unfinished appearance. 

Incidentally, no difficulties were encountered by the fabrica- 
tor’s welders in welding any of the flange types, except that 
the face welds on slip-on flanges were found to chill rather quickly, 


AND MATERIALS DATA 


_ ——~Range of physical properties, from tensile tests — 
Ultimate tensile Yield point, Elongation 
strength, psi psi per cent in 2in. 
. 70250 to 74750 39500 to 41000 27.5 to 31.0 
69200 to 70600 39880 to 47500 37.0 
62865 38600 39.0 


resulting in an occasional poor weld which had to be machined 
out and redone. 

The threaded flanges were made up with machine-threaded 
pipe to ASA Standard B2.1. In one set of tests, they were pulled 
up with 2000 ft-lb torque for normal thread engagement; in 
the second set, where the pipe was threaded through the flange 
and refaced, a 4000 ft-lb torque was applied. A liquid thread 
compound, sold under the name “Copaltite,” was used on the 
threads in both cases. 


Test EquipMENT 


\ specially designed fatigue testing machine of the specific- 
strain reversed-bending type, as described in an earlier paper by 
the senior author,* and illustrated in Fig. 2, was used. The test 
principle is a simple one, as becomes evident from the diagram in 
Fig. 3; the assembly presents a cantilever beam fixed at one end, 
with a cyclically reversed load being applied at the other. The 
specimen proper is located close to the fixed end, where the bend- 

’“Fatigue Tests of Welding Elbows and Comparable Double- 


Miter Bends,”’ by A. R. C. Markl, Trans. ASME, vol. 69, 1947, pp. 
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Fic. 3) DiaGram or Test AssEMBLY 

ing momeyt isa maximum. In the main test series, an adapter 
was used to approach the condition of two mating flanges of equal 
stiffness; in the supplementary tests no adapter was used, the 
test flanges being bolted directly to the anchor plate. 


Test Procepure 


Prior to mounting the specimens, each assembly was inspected 
and subjected to a pressure test of 600 psi, which is the service 
pressure at atmospheric temperature set up in ASA Standard 
Bl6e for flanges of the 300-lb-pressure class. Leakage was 
encountered in a single instance, this being a slip-on flange at- 
tached by a face weld only; the defective fillet was machined 
out, the specimen rewelded and retested with satisfactory results. 

In mounting the specimens, careful attention was given to 
alignment and uniformity of bolt pull-up. 
pulled up incrementally with a torque wrench, using a predeter- 
mined sequence. The torque was set at 2000 in-lb, which corre- 
sponds to approximately 40,000 psi bolt stress, as determined with 
SR-4 strain gages. Originally it was planned to apply only 1200 
in-lb, but this led to early gasket leakage of the specimens sub- 
jected to high deflections. 

In the next step, each specimen was cycled at a low deflection 
ampiitude about 20 times to “iron out”? mounting irregularities; 
specimens were then realigned, where necessary, and the bolts 
rechecked with the torque wrench. : 

A load-deflection calibration of each specimen was next carried 
out, and the results were plotted as curves; the variation between 
individual specimens belonging to any one series being of the 
order of only a few per cent, an average or typical curve, such as 
is plotted in Fig. 4 for the welding neck type, was considered as 
adequate for all tests of one type. Using these data and the 
anticipated stress intensification factors, amplitudes of deflection 
were selected so as to spread failures evenly within the range from 
1000 to 1,000,000 cycles. 

_ Some of the large displacements required for the short-life 


The */,-in. bolts were 
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Note that yielding occurs at appreciably higher load in the repeat calibra- 
tion as compared with the first load application. The value S used in 
plotting the S-N curves, Figs. 7, 8, and 9, is based upon the dash-dot ex- 

trapolation of the straight portion of the calibration curve.) 


CURVE FOR 


specimens fall onto the curved part of the load-deflection curve, 
denoting a stress high enough to produce more than local yielding. 
In the conversion of these displacements into loads, moments, 
and ultimately, stresses, the load-deflection curve, however, 
was considered as a straight line, i.e., the loads in the yield zone 
were obtained by an extrapolation from the elastic zone. A 
justification of this procedure, which, while not strictly correct, 
offers practical advantages, is given later under ‘Numerical 
Evaluation of Test Results.” 

In order to ascertain whether the originally applied load was 
maintained throughout the cyclic tests, a representative num- 
ber of tests were interrupted for making check determinations 
of the load-deflection ratio. On flanges with wide gasket faces, 
no change in flexibility could be detected as the fatigue test 
progressed, and hence the stress conditions could be assumed as 
constant. The same was not true of the lap-joint flanges, 
specifically those under a high load. For example, in one 
specimen subjected to a load of 2350 Ib (corresponding to failure 
in less than 3000 cycles), the load was reduced by about 3 per 
cent at 40 per cent of the total life of the assembly, by 10 per 
cent at 60 per cent, and by 16 per cent at 80 per cent of the life. 
After the stub end had cracked, the load was found to be 20 per 
cent lower than that originally applied. Inspection after dis- 
assembly led to the definite conclusion that the loss in load 
was attributable to progressive destruction of the gasket; the 
tops and bottoms at the inner circumference, which were alter- 
nately subjected to very high and low compressive stresses, were 
badly “chewed up.” This was not the case for the lap-joint as- 
semblies subjected to low moments, nor for any of the other 
assemblies, the gaskets invariably being found in good usable 
condition on taking the flange apart after failure. . 

All specimens were filled with water; a 25-in. head was held on 
those not under pressure to serve as a means for recognizing 
failure promptly. In order to find out whether the face weld 
cracked before the hub weld in double-welded slip-on or socket 
welding assemblies, a '/s-in. hole was drilled through the hub at an 
angle of 45 deg from the bottom. 

After all preliminaries were completed, the machine was 
started up and kept under constant observation. Where leakage 
appeared (or, in rare instances, a crack was noted shortly before 
leakage became apparent), the cycles which the unit had run 
were recorded. 
tinued for at least 20 per cent more cycles to confirm failure and 
give information on the direction of crack propagation. Tests 
where no failure occurred within one or two million cycles were 
abandoned. In the case of threaded flanges, a slight seepage 


However, the test in nearly all cases was con- 
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along the threads, unaccompanied by a crack, often became evi- 
dent early in the tests; by comparison, the later actual failure of 
threaded assemblies was always heralded by a sudden flow. 

After completion of the test, the specimen was removed and 
photographed; a quarter section was cut out, with one of the saw 
cuts going through the center of the initial crack, and this was 
then etched and photomacrographed to record the type and loca- 
tion of failure. An occasional micrograph was made for more 
detailed study.” 

VisuaL Test Evipence 

For various types of bolted flanged connections, tested with a 
given gasket and a uniform bolt pull-up, the tests established 
what type of failure is encountered under conditions of cyclic 
bending, where it occurs, and how many reversals are necessary 

. to bring it about. . 

A joint could be rendered unsatisfactory by the occurrence of 
either of two things, i.e., it could leak, or some component. could 
break. Leakage across the gasket to the outside of the flange or 
through the bolt holes did not occur in a single instance under the 
test conditions. A possibility of such leakage was approached, 
however, in the case of lap-joint assemblies where alternating 
overcompression of the gasket and release of most of its load re- 
sulted in deterioration of a large part of the gasket area in contact 
with the lap face. Another type of leakage, in the form of a per- 
sistent seepage along the threads, was encountered with threaded 
flanges. Even with only 25 in. head of water, this occurred long 
before structural failure, and with 600 psi pressure and some of 
the higher bending moments, around 100 reversals were enough 
to start a dribble of water. 

In general, apart from the threaded joints, the usefulness of all 
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flange types was terminated by structural failure, not of the flange 
proper or the bolts, but invariably of the pipe, or, where a single 
attachment weld of small cross section or poor contour was used, 
the weld. All of these failures occurred as circumferential cracks 
and started on the outside of the pipe at or near the top or bottom 
of the assembly where bending stresses were highest: Fig. 5, 
reproducing representative photomacrographs taken of failed 
specimens of the main test series, will be used to comment more 
in detail on the nature of the failures. 

The top line in Fig. 5 shows variants of slip-on flange attach- 
ment in the order of decreasing strength; the first three photo- 
graphs, identification Al, A2, and A3, reveal identical failures, at 
the toe of the hub weld, whether a face weld was used in addition 
to it or not, and whether the hub weld was deposited against a 
square hub face or a reverse bevel or recess. In the last photo- 
graph, identification A4, which represents the obviously weak 
and hence unusual construction, where a face weld only is applied, 
failure occurred across the throat of the fillet weld. The middle 
line of photographs, in which the four basic variants of socket- 
welding flange attachment are assembled, presents almost iden- 
tical evidence and requires no individual comment. 

Referring to the bottom line, the butt-welding flange, shown at 
the left, designation C, shows failure at the edge of the weld over- 
lay away from the flange, the crack remaining entirely within the 
pipe, as is also evident from the photomicrograph in Fig. 6. This 
is typical also of the cracks at the toes of fillet welds. The ring 
flange, designation D, failed at the extreme edge of the weld, as 
in the ease of hub welds of slip-on or sock@t welding flanges. The 
lap-joint assembly, designation E, cracke@ across the stub end, 
close to the tangent point with the fillet radius. The threaded 
flange, designation F2 (and likewise Fl, which is not shown) 
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(Micrograph covers circled—'!/s-in. actual diam—area of macrograph. 
Crack starts in edge of weld and propagates through pipe. Fracture is cross- 
crystalline.) 


cracked through the root of one of the first three engaged threads. 

Of the two supplementary series, the few exploratory runs of 
butt welding and double-welded slip-on flanges with lightweight 
pipe gave the same kinds of failure as the main test series. The 
other series, in which small and poorly contoured welds were used 
with standard-weight pipe, differed in only one respect; where 
flanges were attached by a single fillet weld at the hub, the weld 
itself failed in three out of four specimens. 

The following conclusions can be drawn from visual observa- 
tion during and after test: : 


1 Flanges of the size and types investigated, with the given 
gasket material and size, and using an amount of bolt pull-up 
in line with common practice, are stiff enough to avoid leakage 
across the gasket and strong enough to prevent failure of the 
flange proper under its maximum rated service pressure and a 
superimposed bending stress of appreciable magnitude. 

2 The welds customarily deposited by experienced welders 
are more than adequate to prevent failure of welded joints, this 
being true even of single-fillet welded construction; not included 
in this statement, however, are slip-on and socket welding flanges 
with weld attachment of the pipe end only, these constructions 
not being found in common usage. 

3 Caution is in order when using lap-joint flanges with laps of 
a thickness of the same order as the pipe wall in locations of high 
bending moments, since the lap apparently rocks »ack and forth 
on the gasket, and tends to destroy it. 

4 Threaded flanges are unsatisfactory for any but the mildest 
cyclic services; the threads constitute not only a structural weak- 
ness, but are prone to open up under bending and cause leakage. 

5 Structural failure appears associated entirely with contour, 
the crack invariably appearing at a location of marked change in 
section adjacent to the flange. For welded joints, this is the edge 
of the weld, for lap joints the start of the fillet, and for threaded 
joints the notch formed by the root of the thread. 


NUMERICAL EVALUATION OF RESULTS 


‘ Fatigue data are usually reported in the form of so-called S-N 
curves, and where the tests performed involve a comparison of a 
part in which a stress raiser is present with a similar part with 
undisturbed stress flow, it is convenient to interpret the results in 
terms of a stress-intensification factor. 

For practical piping design, the properties of straight pipe offer 
the most satisfactory reference medium, since the bulk of piping 
is straight pipe. For this reason, the endurance strength of an 
assembly, involving a flange and straight pipe of a certain size and 
wall thickness, will herein be referred to the endurance strength of 
the same kind of straight pipe by itself. In an earlier paper by 
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he senior author,? the endurance strength S of commercial 
traight Grade B carbon steel pipe between limits of 500 to 
500,000 cycles of stress reversal was tentatively expressed in terms 
cycles-to-failure N by the equation‘ 


To make possible the construction of an S-N curve for the re- 
ording of the present tests, it becomes necessary to translate 
the applied deflections into nominal stresses. In so far as the 

tresses caused by the deflections imposed upon the test cantilever 
emain within the elastic limit, the load-deflection calibrations of 
he different assemblies made preparatory to these tests serve to 
tablish the loads corresponding to any specific deflection; by 

multiplication by the lever arm from the point of load application 
to the point of starting failure, the controlling moment is ob- 
tained, and this, divided by the section modulus of the pipe used, 
gives the nominal stress. In the present tests, however, the 
larger displacements applied in the short-life runs definitely 
caused more than local yielding. It would have been entirely 
possible to establish the corresponding load, and therewith the 
stresses, from the applicable load-deflection curve. Jlowever, in 
view of the fact that the results of this investigation are pri- 
marily intended for use in the flexibility analysis of piping sys- 
tems (where the displacement is given and the loads or reactions 
are solved for), and since such calculations are commonly based 
upon the elastic theory, it has been considered preferable to extra- 
polate the straight-line portion of the load-deflection curves (see 
Fig. 4 for an example) and plot the cycles-to-failure against a 
fictitious stress thus obtained, which, obviously, is higher than 
the actual stress. 

This last is the basis upon which the median lines given as the 
S-N curves for different assemblies in Figs. 7, 8, and 9, have been 
derived. ‘They are all drawn parallel to the S-N curve for straight 
pipe expressed by Equation |1] and go through the computed 
center of the respective group of test points obtained from the 
main series; the results of the supplementary tests series (shown 
by symbols of reduced size, but otherwise identical with those 
used for recording the results of the main tests) have been ignored 
in drawing the median lines. The justification for using a con- 
stant slope for all median lines resides in the advantage this offers 
of representing the stress-intensification factor as a constant, 
which would not otherwise be possible. A study of the charts 
indicates that this arbitrary adjustment is accomplished without 
violating the test evidence seriously. To avoid undue reliance 
on the median lines in the low-cycle range, in view of the liberties 
taken in extrapolating the load-deflection curve beyond the elastic 
range, these median lines have been cut short at a stress level 
roughly corresponding to definite yielding.* 

The test results as reduced to these median lines are readily 
interpreted in either of two ways. To derive the stress intensifi- 
cation factor 7 for any particular assembly, the nominal stresses 
applicable to straight pipe and the assembly in question are read 
at the intercepts of the two corresponding median lines with any 
one ordinate, and these divided by each other. To determine the 
comparable life of any assembly in relation to that of straight 


* Results obtained by this formula should not be confused with 
results of fatigue tests on polished bars, since commercial straight pipe 
involves certain inherent stress raisers in its surface condition, and 
additional stress raisers are introduced by any form of clamping or 
joining, mechanical or by welding, regardless of the amount of care 
taken to avoid notch effects. This should be well understood in view 
of possible future attempts at a rigorous mathematical analysis of 
the shapes involved in the present test. 

5 It will be noted by reference to Fig. 4 that the departure from a 
straight-line law occurred much earlier in the first load application, as 
compared with subsequent retests; the latter only have been con- 
sidered significant in the present investigation. 
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Identifi- No. 
Flanges _ variants of flange attachment cation 
Slip-on flanges with double welds (ave me. aioe 12 
hub and fillet face welds. . 6 
Fillet hub and face welds 
Slip-on flanges with single fillet hub weld. 
Slip-on flanges with single inside fillet face weld. 
Socket welding flanges with double welds (average) 
Recessed hub and inside butt welds (average) 
Same with butt weld in line with back of flange 
Same with butt weld '/:in. from face of flange. .. . 
weld made as weld with hub 


we flanges with single welds (average) . 
Fillet welds (average) 
Same with?!/,e-in. gap between end of pipe and bottom 
of socket. 
Same with no gap: pipe ‘bottomed in socket 
Recessed welds (average) . 
Same with '/js-in. gap between end of pipe and bot- 
tom of socket 
Same with no gap—pipe bottomed in socket 
Socket welding flanges with single inside butt weld 
Welding-neck flanges 
Lap-joint flanges........ 


Same, with normal make-up KI 


Same, with pipe threaded through and refaced ~”» 


f 
\ 

Threaded flanges (average) : 
\ 


® Value corrected for loss in load observed during course of test. 


--——~ Main series 


specimens 
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Minimum welds —————Size effect-—-——_—~ 
No. No. 

specimens i percent specimens t 


P, 
per cent per cent 


4 


> Value based upon first appearance of seepage whether accompanied by crack or not (i here is not strictly a stress-intensification factor, but may be applied 


as such for design purposes). 
i stress intensification relative to straight pipe, 
p = life of assembly relative to straight pipe, 


pipe, the cycles-to-failure are read for the assembly in question 
and for straight pipe along any abscissa denoting constant nominal 
stress, and the one is then expressed as a percentage p of the 
other. Both the ¢ and p values for all variants tested in the main 
series are recorded against each type in Fig. 1 and compiled in 
Table 2 for ready comparison. The table also includes the re- 
sults of the supplementary test series and gives the number of 
specimens tested of each variant. 

It may be noted that a single median line has been drawn for 
all double-welded slip-on flanges, and the same has been done for 
the socket welding flanges. While these group averages are 
helpful in an over-all appraisal of the effect of the major design 
characteristics, a more detailed study,of each individual variant 
in relation to others will be found worth while, 
gives an idea of the contribution of minor details to the endurance 
strength of an assembly; while the differences between variants 
to be commented upon appear of a low order and well within the 
range of scatter of the test results, some of them are entirely too 
consistent and logical to be ignored, as will be shown. All com- 
parisons will be made on the basis of the stress intensification fac- 
tors developed, but it should be remembered that relatively small 
differences in this factor connote appreciable differences in fatigue 
life, i.e., the anticipated number of cycles to failure. As an ex- 
ample, a 10 per cent increase in stress-intensification factor is 
equivalent to a reduction in useful life under cyelic bending of 
over 40 per cent. 

Single Welds. As expected, the butt weld used for attaching a 
welding-neck flange, test series C, was found vastly superior to 
any other form of attachment; it is equivalent to any butt weld 
‘between pipe, and practically as good as straight unwelded pipe. 
Even in an unfavorable location at the junction between two 
parts of greatly differing stiffness, as in socket welding variant B4, 

* this form of weld gave a 13 per cent improvement over a similarly 
located fillet weld, as used in slip-on variant A4. As far as the 
two types of hub welds are concerned, i.e., the regular fillet weld 
and a weld deposited against a 52'/,-deg reverse bevel or recess, 
neither the comparable single-welded variants (B31 versus B33, 


inasmuch as it 


and B32 versus B34), nor the double-welded ones (A2 versus Al 
and B2 versus B11) show any consistent differences. Appar- 
ently, where both welds are of adequate size, the pipe failure is 
influenced solely by the contour at the toe of the weld, which is 
the same for both types. 

Bottoming of Pipe in Socket. Waving just mentioned variants 
B31, B32, B33, and B34, it may be opportune to cover briefly the 
second objective of this particular subproject, which was to dis- 
cover whether butting the pipe solidly against the face of the 
recess in a socket-welding flange improved resistance to cyclic 
bending. From a comparison of the values of 7, given for the 
condition with no gap with those for that with a '/;-in. gap, it 
would appear that forcible contact of the end of the pipe with the 
socket face is helpful, but that the benefit is minor. Incidentally 
the result of the slip-on flange series A3 would tend to confirm the 
results obtained on socket welding flanges with a definite gap. 

Single Versus Double Welds. Three directly comparable groups 
of test series are available to evaluate the beneficial effect of the 
weld at the end of the pipe when used in conjunction with a hub 
fillet weld: Series A2 can be compared with series A3; series B3) 
and B32 with B2; and series B33 and B34 with B11. From such 
a study it may be concluded that the added welds produce an 
improvement in endurance strength of the order of 8 or 10 per 
cent. 

Weld Proximity. ‘There are indications that the distance be- 
tween welds in double-welded flange attachments is not without 
significance: Below are listed the seven different variants of 
double-welded constructions tested, together with their stress- 
intensification factors; the order is from the closest spaced welds 
to those most widely separated: 


11 ) 
Bll: 09 close (avg. 1.11) 
B2: .12 


B13: 1 
1 
1 
D: 1.19 
1 
1 
1 


intermediate 

Bl2: .25 
19 


Al: 
A2: 29 


apart (avg. 1.24) 


» 


% 
28 2 1.26 32 2 1.30 27 
22 2 1.84 4.7 
1.4 2 3.14 0.3 
33. —_ he 
33 25 1.21 39 4 
13 1.21 39 ‘ 
331 4 28 29 2 1.64 8.4 Miya, | 
34 4 2.6 6 1.78 5.6 
> 5 111 6 1.09 65 6 1.08 75 
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Considering the two bracketed groups listed, it will be noted that a 
weld spacing not exceeding the height of the hub of a slip-on or 
socket welding flange on the average produces a 12 per cent higher 
endurance strength than a wider spacing, of the order of the flange 
thickness. Omitting test series B12 from the foregoing compari- 
3on, it will be seen that the two groups are directly representative 
of socket welding and slip-on flanges, and hence the former, 
when vsed with shallow sockets, can be pronounced about 12 per 
cent stronger against cyclic bending as compared with the latter. 

The results for lap-joint and threaded-flange assemblies, a5 
plotted in Fig. 9, and averaged in Fig. 1 and Table 2, require 
modification b fore they can be applied to piping design. It has 
been mentioned already that a slight loss in applied load was 
encountered in the case of lap-joint assemblies under high load- 
ings; the plots are based on the initial loading (or strictly, the 
applied deflection), and adjustment to the approximate average 
toading over the test duration would raise the stress-intensifica- 
tion factor from 1.56 to 1.65, or reduce the life from about 11 
per cent of that of straight pipe to only 8 per cent. In the case of 
threaded assemblies, seepage through the threads on the average 
occurred in one seventh of the time it took to produce structural 
failure. If we expand the definition of the “stress intensification 
factor’’ so that, for any given cyclic life, it expresses the relation 
between the stress producing fracture in a straight pipe and the 
stress producing failure from whatever cause in a comparative 
assembly (including the same kind of pipe), or in other words, if 
we consider leakage on equal terms with failure, this premature 
loss of serviceability of threaded flanges would have to be com- 
pensated by applying an “effective” stress intensification factor 
of*2.65 rather than 1.78 as obtained using cracking as the sole 
criterioh of failure. 

A few brief comments on the findings of the two supplementary 
test series included in*Table 2 appear in order before going on to 
the conclusions. The one series, in which weld size effects were 
explored, indicated that it might be advisable for design purposes 
t6é increase the stress intensification factors obtained from the 


.main test series somewlmt for flanges involving attachment by 


fillet welding. ‘Fhe second series, involving thin-wall pipe, may 
be considered as providing a certain measure of assurance that, 
within the more common range of pipe sizes, the effect of the pipe- 
wall thickness and size or series of the flange is not overly signifi- 
cant. 


CONCLUSIONS 


The tests established that, even under unusually severe bend- 
ing stresses, flange assemblies do not fail in the flange proper, or 
by fracture of the bolts, or by leakage across the joint face. 
Structural failure occurs almost invariably in the pipe adjacent to 
the flange, and in rare instances, across an unusually weak attach- 
ment weld; leakage well in advance of failure is observed — in 
the case of threaded flanges. 

While it is the pipe that fails, the type of flange is influentis al i in 
determining the endurance strength of the assembly, largely by 
the way in which it affects the stress transfer at the Joint. The 
smooth tapering transition, afforded by a welding-neck flange, 
provides an endurance strength of the assembly equivalent to 
that of a butt-welded joint between two pieces of pipe, which 
itself is not greatly different from that of unwelded straight pipe 
to judge from indications obtained from tests in such pipe con- 
ducted by the authors. A fillet weld presents less favorable 
conditions owing to the sharp change in cross-section and stress- 
flow direction. In the case of lap-joint flanges, the transition 
would not appear unfavorable, but the lap apparently lends in- 
adequate support to the neck of the stub end. Finally, in the 
case of threaded flanges, the reduced pipewall thickness and 
notch effect, caused by the threading, constitute weaknesses 
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which become even more apparent under cyclic loading than 
under static conditions. 

In order to provide a quantitative measure of the relative 
endurance strength of, different common flange assemblies, Table 
3 has been prepared by the authors, using all the evidence pro- 
duced in these tests, including the supplementary series and giv- 
ing weight to any tendencies which may have been present of 
premature loss of serviceability prior to ultimate fracture. It is 
TABLE 3 PROPOSED STRESS INTENSIFICATION FACTORS 

AND COMPARATIVE FATIGUE L. VES FOR DESIGN 


Stress- Relative 
intensification fatigue life, 
Ty; pe of assembly factor, i Pp, per cent 
We ding-neck flanges................ 1.00 100 
Socket welding flanges (double-welded, . 


with inside butt weld approximately in 


line with back of flange)............ 1.15 50 
Double-welded slip-on or forged ring flanges 1.25 33 
Single hub welded slip-on or socket weld- 

Lap-joint flanges (with’standard lap- joint 


thought that the ‘stress-intensification fac ‘tors given may find 
direct use in flexibility calculations following the rules of the Code 
for Pressure Piping, and that the parallel information on relative 
fatigue life, as more descriptive, may be helpful in setting limita- 
tiorts on flange types, depending upon the service involved. 
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Discussion 


H. F. Moors.’ Full-size fatigue tests of structural and ma-_ 
chine parts are always preferable to tests of small polished speci- 


mens, when such full-size tests are feasible. Hence this paper 
is very welcome as it describes such full-size tests for flange-pipe 
assemblies. 

The fatigue-testing machines used are of the simplest type 
the type which measures directly the deflection of the specimen 
and the number of cycles of stress to cause fracture. The stress 
pattern, the load, and the bending moment are then measured 
from the deflection, using the specimen itself as the dynamometer. 
The authors determined the stress range from the deflection of the 
specimen, stopping the machine at various stages of the test to 
determine the steady value to which the stress range “settled 
down.” 

The authors carried out their tests to a maximum of about 
2,000,000 cycles of reversed flexure. As is the case with rail- 
road rails and with many structural parts, repeated-stress tests 
to 2,000,000 cycles are sufficiently long to cover the customary 
period of use. The Tesults, plotted on log-log* stress-cycle 
(S-N ) diagrams show no sign of “flattening out,”’ and show a con- 


6 Research Professor of Engineering Materials, Emeritus, Uni- 
versity of Illinois, Urbana, Ill. Mem. ASME. 
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siderable, although not too serious, scatter of test results. It is 
probable that longer tests would show a flattening out of 
the S-N diagrams. In that case extrapolation of the authors 
results to 10,000,000, or even to 100,000,000 cycles might be 
expected to give results “on the safe side.” 

The writer is especially impressed by the poor showing made 
by the threaded flanges. Screw threads in any structural or 
machine part constitute one of the most dangerous of stress 
raisers, especially if the rod or pipe is screwed .in as far as the 
thread will allow. 

Attention is also called to the tabulation in Fig. 1 and Table 
2 of both 7, the effective stress-intensification factor, and to 
p, the ratio of length of endurance (number of cycles of stress) 
of a flanged assembly to that of the straight pipe. Thus the 
assembly can be judged on the basis either of comparison of 
stress range for a given endurance or of comparison of endurance 
for a given stress range of a straight-pipe specimen. 


J.J. Murpny.? The authors are to be congratulated on having 
_ made a valuable contribution of test data on the performance 
of various flange types, on the organization of the tests, and 
presentation of the results for handy reference. There has been 
too little information available on this subject, and the paper 
is a fitting supplement to the senior author’s previous paper.? 

The role of fatigue-test data as an index to the relative serv- 
iceability of flange types is difficult to assess, and the authors 
have been careful not to draw any unwarranted conclusions, 
Data such as these are, nevertheless, quite valuable, and the order 
of performance of the various types fits in well with what would 
be expected, with the exception that the relatively poor perform- 
ance of lap-joint flanges is somewhat surprising. While service 
experience with all types of flanges has been generally good, 
slip-on, lap, and threaded flanges are used normally only in the 
less severe services. 

‘Fhe tests provide excellent comparative data for the various 
weld details for slip-on and socket welding flanges. The ASME 
Boiler Code Subcommittee on Bolted Flanged Connections 
already has recognized a socket welding detail similar to B11 
except that the inner weld is located at the mid-point of the flange 
thickness. The data here presented provide valuable informa- 
tion for permitting the weld to be located near the hub. The 
authors’ opinion that the pipe failure is influenced solely by the 
contour at the toe of the weld appears logical, and it would be 
interesting to see if the performance of flange attachment B13 
could be made to more closely approach butt-welded flange 
construction by modifying the fillet-weld contour as indicated 
in Fig. 10 of this discussion. 

Also, it would be interesting to have comparative test data on 
threaded flanges with a seal weld, a construction which is widely 
used, he test data obtained in the supplementary tests provide 


valuable information on the possible effect of variations in weld 
quality and size to be expected in actual applications. 


It is 


7 The M. W. Kellogg Company, Jersey City, N. J. 
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noted that the performance of welding-neck flanges in the supple- 
mentary tests in Table 2 of the paper is the same as the main 
tests on flanges B11. The authors may wish to comment on 
this. 

The bending moments applied in these tests simulate those 
which might be caused by mechanical vibrations or changes in 
temperature of the pipe line. Fluctuating pressures or cyclic tem- 
perature changes which cause the pipe locally to run cooler or 
hotter than the flange would impose a different-type loading on 
the attachment welds in that the shear and moment would be 
uniform around the circumference. It is possible that the per- 
formance of the various details would react somewhat differently 
to this type loading. 


E. C. Perrie.* In interpreting the results of the authors’ 
research investigations, the designer must consider the piping 
system as one integrated structure. In other words, it would 
be inconsistent to demand of a flanged assembly, resistance to 
fatigue of a much higher order than that required for another 
part of the piping system. Due precaution should be exercised, 
therefore, in attempting*to draw all-inclusive conclusions from 
the results of a series of tests on only one size and class of product. 

In order to illustrate this point, let us compare the test results 
obtained in the earlier Markl paper* with those published in 
the present paper. The writer has combined these results in 
graph form in Fig. 11 of this discussion. 


BENDING STRESS 


NUMBER CF TO FR) URE 
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It will be noted from this graph that the number of cycles to 
cause complete failure of the conventional and acceptable types 
of flange assemblies fall between those given for straight pipe 
and welding elbows. One exception is the. welding-neck flange, 
which is slightly higher than that of straight pipe. 

While it is a well-known fact that fatigue failures occur under 
certain conditions of severe stress in some threaded assemblies, 
there has been no indication, to the writer’s knowledge, of failure 
in the side of a welding elbow due to fatigue as illustrated by the 
tests in the previous paper. -The type of end fixation, notch 
effect in threads, clearances in flange assemblies, total resisting 
moment developed by bolting, are all important factors in an 
investigation of this type, and tests under various combinations 
may produce results which differ considerably from those pre- 
sented in this: paper. It is suggested, therefore, that more 
extensive investigations be made before arriving at any definite 
comparative values of fatigue life of elements which are com- 
ponent parts of a piping structure. 

Another point mentioned in the paper being discussed is that 
the results obtained for lap-joint flanges indicate that ‘caution 


8 Engineering and Research Division, Crane Company, Chicago, 
Ill Mem. ASME. 
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of the same order as the pipe wall in locations of high bending 
moments, since the lap apparently rocks back and forth on the* 
gasket and tends to destroy it,” but that “this was not the case 
for the lap-joint assemblies subject to low moments.” Appar- 
ently the high moments referred to by the authors are not 
encountered in a properly designed piping system due to the 
fact that, to the writer’s knowledge, this damage to the gasket 
has never been found under actual service conditions. 


- E.O. Waters.’ Static stresses in piping and piping connections 
always have been given due respect. Somewhere along the road ° 
of acquiring knowledge of piping design, the effect of live loads 
caused by temperature differentials, and those, due to rigid 
— end connections and intermediate supports, were taken into 
account as a matter of course. However, even here the results 
of tests and theoretical analysis are mainly applicable to the 
pipe alone, and much still remains to be learned about the effect 
of live loads on flanged or other forms of piping connections, 
and on the vessels to which piping is attached. Most recently, 
the question of the endurance of piping systems subjected to 
dynamic loading has come to the fore, the chief reason for its 
‘ — importance doubtless being due to the substitution of welding 


q for what might be termed “semipermeable” forms of pipe 


fusely long before any structural failure took place, : 
The authors have made a factual statement of their findings 

without attempting any extensive inalysis, and the question 

arises as to how best to interpret the results. 


ee which always could be counted upon to leak pro- 


In so far as the 
-Welding-neck type of joint is concerned, behavior was exactly 
as would be predicted; in this case. there are no sudden transi- 
tions in size of cross section, and no sharp re-entrarit corners, the 
weld is inherently superior, and the flow of stréss from flange to 
pipe follows comparatively straight lines and easy curves. At 
the other end of the Seale, the poor showing of the single inside 
welds (series A4 and B4) was to be anticipated. However, there 
are several intermediate cases which give rather unexpected 
results, calling for further explanation. For example, the general 
setup in Fig. 1 6f the paper would lead a superficial reader to 
conclude that socket-welded connections are, as a class; superior 
to slip-on connections. However, a closer inspection of the 
sketches in line 2 in Fig. 1 reveals that the quality of these 
connections is very sensitive to inside and outside weld proximity. 
In fact, the authors call attention to this point. 
raises the question: 


This at onée 

If close préximity improves the performance 
of socket welds, would it not be possible to improve the slip-on 
group by inserting. the pipe only part way into the flange? 
Also, from a comparison of series B11, B12, and B13, it appears 
that there is an optimum proximity beyond whicti a closer weld 
spacing impairs the fatigue life of the connection. This would 
seem to make further detailed study desirable, including if possi- 
ble an investigation of the actual stresses at points of concentra- 
tion, before fruly quantitative conclusions can be drawn, 

In conclusion, the writer would call attention to one feature 
wherein the tests showed remarkable consistency, namely, the 
location of the point or region of failure. This is consistent with 
static tests and theoretical stress analyses based on statie load- 

' ing, which always indicate a relatively high bending stress in the 
pipe that is intensified by a sudden transition from a compara- 
tively thick flange to a thin-walled pipe. The jnclusion of this 
Stress as one of the criteria for the design of flanges has at times 
been a bone of contention among users of the ASME Unfired 
Pressure Vessel Code, on the ground that it imposed an unneces- 
sarily severe restriction, 


® Professor of Mechanical Engineering, Mason Laboratory, Yale 


University, New Haven, Cohn. Mem. ASME. 
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is in order when using lap-joint flanges with laps of a thickness * 
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tests, as here reported, indicate that the existence of this stress, 
even though it is highly localized, cannot safely be ignored,’ at 
any rate when dynamic loads must be provided for, 


Avutuors’ CLosurg 


The authors are appreciative of the lively interest exhibited in 
the tests reported by them, and value particularly those ecom-— 
ments which raise the issue how the test data relate to service 
experience and what their significance is with respect to future” 
piping design. 

As has been pointed out in the discussion, there has been no 
published record of stress failures in service of the types shown in 
this and the senior autHor’s earlier paper’, although failures in 
Serewed joints, at branch cohnections and other points involving : 
major stress raisers have be ‘n recognized as due to fatigue. One 
explanation, as inferred by Mr. Petrie, is that high sustained — 
bending stresses, sy, Of 24,000 psi or over, are not encauntered 
in properly designed piping systems, a second factor is that major 
stress eyeles much in excess of 1000 over the life of a system are 
confined to the process industries, are not too frequent even there, 
and usually receive special consideration. Close inspection of 
Rigs. 7, 8, and 9 reveals no stress failures of commonly used flanges 
Within the quadrant defined by these limits, exeept in the ease of 
threaded flanges, with lap-joint flanges coming close, . 

Accordingly it would seem that the tests and experience are in 
good accord. But, while experience proves that all but the two 
last-mentioned types of flanges “will survive the conditions to 
which an average piping system is subjected, the tests are able to 
distinguish between the merits of the different types and thus 
offer an indication of how many more reversals at a given stress, 
or how much more stress at a given number of cycles, a welding- 
neck flange, for instance, ean support with reference toany other 
variant. This is important in view of the trend toward more se- 
vere services in the‘process industries and the accompanying de- 
sire to liberalize allowable stresses; this latter objective ean be- 
accomplished, without reducing the true safety factor, only if 
our understanding of stresses improves so as to take part of the 
“ignorance component” out of the safety factor. 

It is recognized that tests on a single size, class, and material 
of flange, with a specific type of gasket and bolting under a spe- 
cific pull-up cannot be expected to form the basis for broad con- 
clusions embracing the entire field of flanged connections. The 
authors, as some of the diseussers noted, were careful to avoid such 
an impression. On the other hand, they feel that, considering 
the- confirmation obtained from the supplementary test series, . 
the results are suitable for engineering application to a somewhat 
broader range of conditions: in a w ay, there would seem to be no 
other alternative pending further experimental or analytical prog- 
ress.in this field, 

A note of caution is in order with respect to comparisons of the 
type drawn by E. C. Petrie in Fig."11. While the results of the 
flange tests might be applied with reasonable accuracy to a fair'y 
wide range of sjzes and thicknesses, those obtained for welding 
elbows are restricted to one specific size and thickness and ean be 
extrapolated to other conditions only through the medium of a 
Further- 
more, moments due to expansion vary from Zero to a maximum 
over the length of a line, so that a piping component with a lower 
stress-intensifieation factor situated at a location ‘of high moment 
will often control even,though other parts with higher factors are 
present in the line. The critical condition ean only be properly 
evaluated by multiplying the stress at each significant location by 


theoretical analysis, such as Beskin’s development. 


However, the results of these fatigue the applicable Stress-intensification factor, 


“Bending of Curved Thin Tubes,” by Leon Beskin, Journal of 
Applied Mechanics, Trans. ASME, vol. 67, 1945, p. A-1, . 
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Many additional investigations have been proposed, and the 
authors would have wished to have been able to conduct these, 
but due to press of other work must confine themselves to giving 
answers which are no more than opinions. 


J. J. Murphy’s design, Fig. 10, might be expected to approach 
the welding-neck flange in performance, or at least equal the ring 
flange which behaved surprisingly well. A threaded flange with 
seal weld would probably be the equivalent of a single-hub-welded 
slip-on flange with minimum welding. 

Professor Water’s question, whether slip-on flanges would 
benefit from weld proximity to an equal extent as socket welding 
flanges is difficult to answer; the authors feel confident that they 


FATIGUE TESTS ON FLANGED ASSEMBLIES 


would benefit, but perhaps not quite to the same extent as the 
socket welding type which can be reasoned to provide a some- 
what better stress flow. No doubt there is an optimum distance 
between the front and-back welds, but it is doubtful whether this 
ran be determined from tests on commercially fabricated joints; 
a photoelastic analysis of models probably would furnish an 
answer. 

Regarding J. J. Murphy’s comment on the similarity in fatigue 
life of group B-11 and the supplementary welding-neck flange 
assemblies, no explanation can be offered except to point out that 
the results show a fair amount of scatter and hence overlapping 
between flange types of similar endurance strength. 
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By H. N. HACKETT! ann DWIGHT DOUGLASS? 


This paper outlines briefly the general theory of mer- 
cury-binary cycle efficiency, how it works, and the more 
usual types of applications where it may be used. The 
use of the mercury-steam cycle as applied to topping plants 
is explained more completely with the relative capabilities 
of 140 psig mercury and 2300 psig steam for such service 
specifically compared. As a typical, as well as the most 
recent application of a mercury topping unit, the new 
15,000-kw mercury-unit power-plant equipment recently 
installed at the South Meadow Station of the Hartford 
Electric Light Company is dealt with in considerable de- 
tail. In the manufacture of the mercury-boiler parts, 
factory prefabrication of relatively large mercury-furnace 
wall sections was Successfully done for the first time. 
The new 15,000-kw mercury plant has been in operation 
since February 1, 1949, and for the month of February 
produced 20,000,000 kwhr of electric power at an average 


: fuel rate of 10,200 Btu per net kwhr. 


Cycie ErricreNcy 
VTNHE efficiency of a vapor cycle is determined largely by the 
saturated-temperature range through which it operates— 

the greater the range, the higher the efficiency of the cycle. 

This may be expressed by the equation, efficiency 


1 


when T, and T; represent the saturated-temperature range 
through which the cycle operates, in degrees absolute. 
The mercury cycle, superimposed on a steam cycle, boosts the 

_efliieney of the resulting cycle because of the high boiling tem- 

perature of the mercury. For example, at 140 psig, mercury 
boils at 975 F, whereas at 1250 psig, water boils at 575 F. 

With 975 F mercury and a proper selection of steam and fuel 
conditions, thermal efficiencies of from 34 to 38 per cent can be 
attained. 


How THe Mercury-Sream Power Cycie Works 


Heat from the burning fuel is absorbed by liquid mercury 
within the tubes of the mercury boiler to form mercury vapor, 
which passes from the boiler to the mercury turbine where it 
releases a portion of its energy to produce electrie power. The 
vapor from the turbine is exhausted to the vacuum shell of the 
There it condenses and releases its 
heat of vaporization to water within the tubes. The liquid mer- 
cury is returned from the sump, or hot well, to the boiler by a 
mercury feed pump, or by gravity, as the case may be. 

The feedwater which absorbs heat from the condensing mer- 
-cury vapor is boiled into steam at any desired pressure. This 
steam is then superheated in tubes located in gas passages of the 


mercury-condenser boiler. 


1 Construction Engineering Division, General Electric Company, 
Schenectady, N. Y. Mem. ASME. 

2? Superintendent of Power, Hartford Electric Light Company, 
Hartford, Conn. Mem. ASME. : 

Contributed by the Power Division and presented at the Spring 
Meeting, New London, Conn., May 2-4, 1949, of Tue AmeRICAN 
Society oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 


of the Society. Paper No. 49—S-17. 


Fig. 1 shows a typical flow diagram of the mercury-steam cycle. ° 


mercury boiler. This superheated steam is then available for 
driving a Steam turbine, or may be put to other desired uses. 

It is of interest to note that the steam thus produced by the bi- 
nary cycle is only slightly less in amount than it would be if the 
equivalent fuel were burned directly in a steam boiler. 


Types OF APPLICATION 

A heat cycle or a power cycle upon which a higher-tempera- 
ture heat cycle has been thermodynamically superposed may 
be said to have been topped. Hence a power plant composed of 
the higher-temperature cycle equipment may be known as a 
“topping plant.” In reality, all power plants where binary cycles 
or superposed steam cycles are used, fall into the general class of 
topping applications. However, for the sake of simplicity, as 
well as for the purpose of easy identification, the types of appli- 
cations for mercury-unit power plants have been divided into 
three general classes, i.e., topping plants, process or heating 
steam plants, and condensing plants. 

A topping plant is one in which relatively high-pressure 
steam is desired, usually to be used in existing steam turbines. 

A “process,” or “heating steam plant” is one in which relatively 
low-pressure steam is required. If the steam is desired at a pres- 
sure below the minimum limit set for operation of the mercury- 
condenser boilers, it is then desirable to include a noncondensing 
steam turbine having its exhaust shell designed to exhaust 
the steam at a pressure suitable for the proposed application. 

A “condensing plant’’ is one in which electric power only is 
produced. In this case, a condensing steam turbine of suitable 
size and design is included as a part of the mercury power plant. 

The initial steam pressure and temperature for each of the three 
types of applications may be varied as dictated by existing steam 
conditions, or by the power-plant designer as he finds necessary 
in his effort to produce the most useful and economical over-all 
power plant. 


Ratio or Mercury Toprrnc Krtowarts to Steam Ovreut 


A by-product ,kilowatt produced from a high-temperature 
topping cycle is obtained at nearly the mechanical equivalent of 
the thermal energy. 

Because of boiler and other machine efficiencies, by-product 
kilowatt output, as such, requires the expenditure of approxi- 
mately 4000 Btu per hr from the fuel, regardless of whether the 
topping kilowatthour is produced by a steam topping turbine ora 
mercury topping unit. 

Another way of indicating this situation might be to say, that 
whenever a heat power plant or a portion of a heat power plant 
is credited with heat rejected, then the net heat consumption of 
the kilowatts generated in that portion of the power plant is equal 
to heat put in minus heat rejected to the next portion or system, 
divided by the kilowatts produced; and that this is usually in the 
neighborhood of 4000 Btu per kwhr. 

Mercury topping plants as generally applied, will produce about 
twice as many 4000-Btu kw per 1000 lb of high-pressure steam as 
can be secured from other topping cycles. Furthermore, a mer- 
cury topping plant, desighed originally to produce, say, 400-psig 
steam, may be used if desired to top 850-psig steam, or higher, 
merely by altering the size of the steam superheater and changing 
the steam safety valves, if allowance has been made in the design 


’“Mercury for the Generation of Light, Heat, and Power,” by 
Hl. N. Hackett, Trans. ASME, vol. 64, 1942, pp. 647-656. 
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for the stresses which will be encountered at the desired pressure. 

Fig. 2 gives a clue as to why mercury-topping power ratios are 
so high. In this comparison, the total heat of the mercury vapor 
and its competitor, high-pressure steam, have been corrected to 
the same total heat as is contained in 1 lb of 2300-psia 1050-F 
total temperature steam, or to 1497 Btu. Jor this total heat, 9.7 
lb of mercury vapor must flow through a mercury turbine for each 
pound of 2300-psia steam flowing through a 2300-psi steam tur- 
bine. 

As a basis for comparing the tOpping capabilities of these two 
cycles, the upper qurve is a plot of the available energy of ap- 
proximately 9.7 lb of mercury vapor when used to produce top- 
ping steam at various pressures in the mercury-condenser boilers. 
‘The lower curve is a plot of ‘the available energy of 1 lb of 2300- 
psia steam used in a turbine, exhausting at the indicated back 
pressures. The steam pressures thus indicated by the abscissa 
are the back pressures of the steam expansion from the 2300-psi 
noncondensing steam turbirie, or the pressure of the steam made 
in the mereury-condenser boilers. In keeping with present de- 
sign practices, a 30-deg F terminal difference between the con- 
densing mercury vapor from the mercury-turbine exhaust, and 
the boiling water was taken into account when establishing the 
mereury-vapor available-energy figures. 

It will be noted on the chart that at 400-psia steam pressure, 
the available-energy ratio of mercury to steam is 442/220, or 
almost exactly 2 to 1, and, at 1250 psia, the ratio is 320/87 or 
almost 3.7 to 1. 


Fig. Typican Frow Diacram or Mercury-Steam Cycie 


The fact that the available energy of mercury vapor varies only 


some 27.5 per cent when generating steam in the mereury-con- 
denser boilers at pressures varying from 400 psig to 1250 psig, 
makes it possible to design standard mercury units for wide ranges 
of by-produect-steam pressures with a relatively small.change in 
mereury-turbine output. 

Over the same back-pressure range, the available energy of a 
2300-psig noncondensivg topping turbine varies about 60 per 


cent. 


Further, the mereury power plant may be used effectively oper- 
ating in conjunction with 850-psig or even 1250-psig steam tur- 
bines to increase greatly the over-all plant capacity and efficiency. 

A steam-turbine plant capacity may be increased some 60 per 
cent for the same quantity of condensing water by mercury 
topping. For example, the new Schiller Station at Portsmouth 
includes a 25,000-kw steam turbine which, in effect, is topped with 
15,000 kw of mereury capacity. For the 40,000 kw total capae- 
ity, only 25,000 kw are affected by the usual condenser losses. 
This saving in condenser-cooling-water requirements may be- 
come very important in localities where cooling water is searce, 
although this was not the case at Portsmouth. 


Mercury ToppinG at Soura Meapow 


The South Meadow Station of the Hartford Eleetrie Light 
Company was the first steam-generating plant to use a mereury- 
vapor cycle to top existing steam-generating units as a commercial 
undertaking. This original 10,000-kw mercury topping plant was 
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Fig. 2.) AVAILABLE*-ENERGY Curves FoR Mercury Vapor AND STEAM 
(The available energy of 155 psia 975 F total temperature mercury vapor and 2300 psia 1050 F total temperature steam have been corrected to the : 
total initial heat of 1497.1 Btu. The curves are then plotted with actual available energy of the two corrected fluids as the ordinate with the abscis: 
representing the back pressure of steam expansion of a 2300-psia noncondensing steam turbine, or the steam pressure generated in the mereury- 
condenser boilers. The mercury-turbine exhaust pressure has been corrected to include a designed drop of 30 deg F terminal difference in the mer- 


cury-condenser boilers.) 


put into service in 1928, superposed on 250-psig 700 F total tem- 
perature steam-generating equipment installed in 1921. The 
design margin in the steam portion of this first mercury installa- MERCURY CONDENSER RULERS 
tion was ample to permit the raising of its operating pressure to 


FEED water 


FPOM STATION HEADER 


100 psig 700 F total temperature early in the 1930's simply by MERCURY TURBINE 
changing the safety valves. 

In the 19 years between 1928 and 1947 this first commercial 
mereury topping plant operated on line for some 119,090 hr, pro- 
ducing a net output of more than 1.7 billion kwhr of electric 
power. 

It was evident prior to 1946 that the original installation, con- 
structed from materials available in 1927, was coming to the end 
of its economical life owing to the metal fatigue at the associated 
high operating temperatures. The Hartford Electric Light Com- 
pany made an economic study of the value of a 50 per cent larger- © ssa 
capacity unit in the same building with the result that it was de- + 
cided later in 1946, to proceed with active engineering of a modern : 
replacement for the 1928 unit and its associated equipment. | 

The removal of the old equipment was started in the summer of 
1947, to make the building area available for the installation of 
an entirely new design of mercury plant having a ¢apacity at full ahaa 
load of 15,000 kw, and a steam output from the condenser boilers a ; sree: a oe 
of 210,000 Ib per hr at 400 psig 700 F total temperature. : 


PEMOVAL 


} TO 'NDOUCED 
New 15,000-Kw Mercury-Unrr Power-PLAN? EQuirMeNT THERMOCOUPL E 


The mereury-unit power-plant equipment now in operation is 
entirely new except for the condenser-boiler steam drums and tanta 
vacuum shells, the mercury-turbine generator, and a portion of 


the mereury-turbine exhaust shell. In order to assure reliable eee 


@ PEAR 
operation of the condenser boilers, new steam-gencrating tubes 
with water circulators were installed. Because of the ample size 
of the 10,000-kw generator stator frame and rotor, these parts hie LEGEND 4 


were rewound to give maximum output of 15,000 kw at unity Lrauie nn A. 


ou 
power factor. BURNER 


Most of the existing building steel, as well as certain of the old : 


aR TO BURNERS 


boiler supporting members, were usable with the new equipment. Fic. 3) ScHeEMATIC ARRANGEMENT oF 15,000-Kw Mercury-Unir 

However, as might be expected, the major portion of the equip- Power PLanr at SourH Meapow Srarion 

ment structural supports had to be replaced to meet the new de- 7 

sign conditions. ~ The oil-fired mercury boiler is of the latest design, having com- 
Fig. 3 shows a schematic arrangement of the main equipment — pletely mercury-cooled furnace, slag screen, and mercury fog- 

as it is now installed in the South Meadow Station. Oo convection surfaces. The steam superheater, water economizer, 
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and regenert ative-type air prehe ‘ater are of conventional de ‘sign, 
as are the forced and induced-draft fans. 

Mercury vapor is generated within the tubes of the mere ury 
boiler at a pressure of 130 psig and at a s: aturated temperature of 
964°F. The mercury vapor thus produced flows upward through 
four 12-in. vapor pipes to the five-stage single-flow mercury tur- 
bine located in the turbine room above the mercury boiler. 
Suitable mercury stop ahd throttle valves are attached directly to 


the mercury-turbine high-pressure shell for controlling the mer-, 


cury-vapor flow to the turbine. Likewise, two 14-in. mercury- 
boiler relief valyés are mounted out from the inlet end of the tur- 
bine stop valve to protect the mercury boiler from overpressure. 
When operating, these two relief valves discharge into the con- 
denser-boiler vacuum shell where the energy from the overpres- 
sure mercury vapor is absorbed to produce steam which may then 
be used by the steam-turbine units, or exhausted to atmosphere 
through the condenser-boiler steam safety valves, depending upon 
the station load wonditions. 

The mercury turbine exhausts into two vertical-type side- 
mounted mercury-condenser boilers at an exhaust pressure of 
1.5 psia 480 F. In condensing, the exhaust mercury vapor re- 
leases its heat of vaporization to water within the tubes of the 
condenser boilers to produce steam at 410 psig. . The condensed 
mercury liquid then flows by gravity through a cleaning sump and 
suitable piping system to the niercury boiler where it is again 
evaporated at 130 psig. 

The steam generated in the condenser-boiler tubes is super- 
heated by the boiler flue gases to 700 F total temperature in the 
steam superheater sivehiel directly above the mercury boiler. 
The steam thus superheated is piped to the 385-psig station steam 
header for use in the 385-psig steam turbines. 

When desired, steam may be generated for use with the 250- 
psig steam turbines. No equipment alterations are necessary as 
the change-over may be made from one station steam pressure to 
the other merely by valving the steam superheater-outlet pipe to 
the desired steam, header. 

The condenser-boiler feedwater is taken from the station feed- 
water header at 340 F, pumped through the cooling coils of the pri- 
mary air-removal cooler and into the water economizer, where it is 
heated by the boiler flue gases to 410 F. The heated feedwater 
then, flows into the condenser-boiler steara drums where it is 
boiled into steam by the condensing mereury vapor. 

In order to assure satisfactory over-all power-plant combustion 
efficiency, a large regenerative-type air preheater heats the air 
used for combustion from 80 F to 523 F. The resulting exit-gas 
temperature with 15 per cent excess air leaving the furnace is-ex- 
pected to be 300 F; when corrected for air leakage through the air 
preheater. 


Mercury BolLer 


A mercury-furnace tube operated with properly treated mer- 
cury is capable of pumping large quantities of liquid mercury and 
vapor through long flow citcuits located considerably above the 
liquid level in the boiler drum. This action is produced by the 
relatively high pumping head of the down-flowing liquid column 
supplying the lower feed headers of the furnace tubes, as well as 
from the proportionately high available energy in the expanding 
mercury vapor as it flows upward through the boiler tube. The 
release of energy is brought about by the large change in pressure 
throughout the tube from where boiling first occurs in the lower 
portion of the furnace to where the tube enters the boiler drum at 
operating pressure. In a very high boiler this pressure head may 
be 100 psi or.more. 

As heat is applied to the boiler tube, generating taore and more 
vapor, the theoretical density of the flowing mixture may change 
from solid liquid, weighing approximately 778 lb per cu ft, toa lean 
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mixture having a weight of approximately 2.5 lb per cu ft, before 

decrease in heat-absorbing ability of the tube occurs. In actual 

mercury-boiler designs, such as the 15,000-kw Hartford boiler, the 


mixture discharging into the boiler drum from the fog-convection , 


tubes is designed to be in the order of 13 lb per cu ft for the heavi- 
est loaded circuit. Such a mixture contains approximately 1 Ib 
of vapor for each 7 lb of liquid mercury circulated, or may be said 
to have a circulation ratio of 7:1 

The economic advantage of such circuit design is immediately 
apparent as great savings in total boiler mercury are possible, 
since it is only necessary to fill the furnace tubes with mercury to 
a minimum depth with no liquid mercury in the fog-convection 
portions of the circuits at starting. The liquid portions of the 
tubes can be of small internal diameter while the fog section tubes 
may be much larger. 

A mercury boiler usually requires some 70 to 80 per cent of the 
total heat-absorbing surface in the convection regions, and if it 
were necessary to use all liquid-filled tubes, the quantities of mer- 
eury required might be prohibitive. This theory of mercury- 
boiler design was first used successfully in 1940 in the 20,000-kw 
mercury boiler at Kearny where many of the fog circuits are some 
250 ft long from end to end with approximately 40 ft of the furnace 
portion of the tubes liquid-filled at starting. 

These simplifications and economies are, possible because the 
titanium-magnesium-treated mercury in the boiler circuits pro- 
duces intimate and perfect contact between the metal of the tubes 
and the flowing mercury: The treated mercury has lost its 
spheroidal properties and spreads in a tenacious film over the in- 


side walls of the tubes, forming a “wetted” surface from which 


evaporation of the mercury occurs.* 

The tenacity of the wetted film is such that it is not destroyed 
when superheated upward to 200 F above the temperature of the 
saturated-vapor-liquid mixture flowing in the circuit, as long as 
treated mercury is supplied to the heated film as rapidly as evapo- 
ration occurs. By maintaining suitable velocities of the flowing 
mixture in the tubes, the required ‘‘make-up” supply of mercury 
droplets is available over the extremely wide range from solid 
mercury liquid to the approximately low density of a 1.2 parts 
by weight of liquid mercury to 1 part-vapor. . 

The extensive use of mercury-fog-convection surface through- 
out the entire boiler reduces the maximum pressure at any point 
in the tube circuit, which subsequently reduces the boiling tem- 
perature of the mercury and the metal temperature of the tube 
steel. This allows added protection against oxidation of the 
tube metal on the fire side of the tubes, as well as increases 
the allowable working stress of the material. f 

Our standard-design, mercury-unit-power-plant mercury boil- 
ers, of which the 15,000-kw Hartford unit and the three 7500- 
kw units for Pittsfield and for the Schiller Station are typical 
examples, all utilize the well-proved principle of fog-circuit de- 
sign. 

Tue Hartrrorp Mercury BorLer 


Fig. 4 is a cross section of the Hartford boiler. .The flow of 
mercury in the various boiler circuits is simple and direct... The 
operating liquid level is maintained at or near the inside bottom 
of the boiler drum. With the boiler in operation, the fluid mer- 
cury flows from the drum downward through suitable downcomer 
supply pipes to the various lower headers, and then upward to 
the drum, as required, to provide coolant for the furnace tubes and 
fog-convection circuits. 

Owing to the simplicity of the mercury-boiler design, only four 
basic types of tube-flow circuits were required. 

The tubes covering the two furnace side walls are simple 


4“'The Mercury-Vapér Process," by A. R. Smith and E. 8S. Thomp- 
son, October, 1942. 
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Fic. 4 Cross Section or 15,000-Kw Mercury Borer 


(Portion of furnace tubes, downflow slag screen, fog-convection tubes, drum 
and downcomer supply system, as well as steam superheater and water 
economizer are shown.) 


straight-through elements receiving mercury from bottom headers 
and discharging into vapor headers at the top.” Each of the six 
vapor headers connects to the mercury-boiler drum through a 
vapor discharge pipe. The side-wall furnace tubes are 1'/, in. 
OD X 7/sin. ID for the lower 16 ft and are 1 in. ID for the re- 
maining 30 ft of their length. ; 

The-burner-wall or front-wall tubes supply mercury to the roof 
section of the furnace vestibule, the vertical downflow slag-screen 
tubes, the first and second passes of the horizontal fog-convee- 
tion tubes, and finally discharge into th® drum. These tube 
circuits are stepped in size from 7/s in. ID, where they leave 
the lower headers, to 2'/s in. OD X 15/, in. ID, where they 
form the first-pass fog bank. : é 

The rear-wall furnace tubes also form the sloping roof section 
under the fog-bank assemblies. A number of the roof tubes are 
directed upward and function as the two mercury-cooled supports 


for the fog circuits. These tubes then continue on to form the 


hic. 5 15,000-Kw Mercury Furnace 
Beinc Hotstep Intro Posrrion 
(Showing sections already in place, a third section being hoi: 
to complete east furnace vy all.) 


ASSEMBLY 


‘d into position 


third-pass fog circuits. The remainder of the roof tubes protect 
the nose of the furnace arch and then turn back and become a por- 
The tube sizes vary 

from 1'/:in. OD X 7/s in. ID at the bottom to 2'/2in. & 15/4 in. 
~where they form the fog circuits. 


tion of the first and second-pass fog banks. 


In an effort to reduce over-all costs as well as to reduce the 
time required*to complete field assembly of the boiler units, 
factory fabrication of the furnace tubes with their liquid and 
vapor headers was tried for the first time. Fig. 5 shows one of 
the furnace-side-wall subassemblies of which there is a total of 
six, three for each side wall. These are approximately 7 ft wide 
X 46 ft long. Some 47 tubes are completely assembled with 
their upper and lower headers, tiebacks, and supports ready for 
placing in position in the boiler-supporting steel. Similar but 
small subassemblies of the front and rear-wall tubes likewise 
were made at the factory and shipped ready for field erection. 
The fog tubes, slag-screen tubes, and the upper portions of the 
front and rear-wall tubes were handled as individual pieces in 
the field. However, the apparent savings in erection time and 
over-all cost seemed to be sufficient to warrant further develop- 
ment of factory prefabrication of mercury-boiler parts. Theres 
fore similar but more complete subassemblies were manufactured 
for the three 7500-kw units now in the process of being erected. 

Fig. 6 shows the upper portion of the completed Hartford 
furnace. 

Fig. 7 shows the six horizontally mounted fuel-oil burners. 
These six burners are mounted under the front-wall tube headers 
near the bottom of the refractory furnace bottom. 


Mercury-BotLer DesIGN AND MANUFACTURE 


The three 7500-kw boilers for Pittsfield and the Schiller Station 
are of identical design and are being manufactured by the Bab- 
cock & Wilcox Company from identical blueprints. The Hart- 
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\ KEN From CompLerep | NAG HE 
15,000-Kw Mercury Borter, SourH MEapow 


(View shows upper portion of furnace walls, sloping arch and furnace roof. 


Downflow screen tubes are also shown above sloping roof sections.) 


ford boiler, manufactured and .installed by 
Corporation, differs somewhat from the 7500-kw boilers in that it 
was designed with a flat refractory-covered furnace floor for burn- 
ing fuel oil only. The 7500-kw units have dry-ash mereury- 
cooled hopper-bottom furnaces for burning pulverized coal or 
fuel oil as desired. 


TRANSACTIONS OF THI 


the Foster-Wheeler 


( Lower end of front-wall furnace tubes, refractory burner wall, and refractory furnace bottom are shown.) 
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_Mercury-TURBINE GENERATOR 


Fig. 8 shows the 10,000-kw Hartford turbine after 16 years’: 

peration. This simple single-flow 720-rpm, five-stage turbine 

us run more than 116,000 hr since its last internal inspection. 
When finally dismantled in 1947 for, replacement, the machine 
internals were found to be in unbelievably good condition for a 
unit that had operatetl without internal maintenance for such a 
period of time. 

However, because of the design conditions at 15,000-kw output, 
requiring the use of higher pressure and temperature, it was neces-. 
sary to replace the old mercury turbine completely, using the 
latest in materials and machine design. The new machine fol- 
lowed the general pattern of the original unit but included all of 
the modern improvements, such as mercury-sealed shaft seals, 
and vanadium-molybdenum alloy castings for the high-pressure 
turbine head, turbine control, and stop valves, and for the mer- 
eury-boiler relief valves. A’complete new turbine-rotor assembly, 
having separately mounted split diaphragms, was provided. . 
A new main bearing, incorporating a double-thrust-type thrust 
bearing, was also necessary. Because the unit was to be operated + - 
Two 
emergency trips were provided, one on the hand-operated control 
valve, and one on the turbine stop valve. : 


as a base-load machine, no speed governor was installed. 


Fig. 9 is a view of the mercury turbine with the four split dia- 7” 
The 
two wing-back-mounted condenser boilers have been placed in 


position ready for making the two large turbine-exhaust-shell ; Fia 
19 


phragms in place and the high-pressure head removed. 


welds. 

Fig. 10 is a view of the exhaust opening of the east condenser 
boiler, showing the poreupine-type tube bundle. 

Fig. 11 shows the completed assembly of the mereury turbine, 
condenser boilers, control and stop valves, and the mereury- 


. . . 


boiler relief valves. 


Harrrorp Ligur Company OreratinG EXPERIENCE 


Previous Designs. The Hartford Eleetrie Light Compaiy 
operating experience with the mereurvy evele for power generation 
vers the period beginning in 1923 up to the present date 4 : 
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HACKETT, DOUGLASS- 


Fr 10,000 
1947 Arrer 16 


Merevry BEING 
S OF OPERATION 


DISMANTLED IN 
H Mrapow 


15,000.Kw Mercury Tursine Berna 1948, 
SoutTH Station 

(View shows portion of original 10,000-kw turbine-exhaust shell, original but 

* newly retubed condenser boilers, and partial assembly of new wheels and new 

built-up diaphragms. Split interstage diaphragms were used in new ma- 

chine rather than the old shell-supported solid-disk type shown in Fig. 8) 


Fig. 9 


During the first 4 vears it was a joint venture with the General 
Electric Gompany for the purpose of developing a design that 
would meet all the requirements of a central station from the 


-MODERN MERCURY-UN 


IT POWER-PLANT DESIGN 


Fic. 10 Mercury-Conpenser B 
cupine-Tyre Tuspe BUNDLE AND OPENING FOR ATTACHING TO MeER- 
curY 
(Downflow water circulators were installed in each steam-generating tube to 
improve circulation.) 


poiat of flexibility, dependability, This first top- 
ping unit was installed in the Hartford Electrie Light Company's 
Dutch Point plant and consisted of a 1500-kw generator, driven 
by a mereury-vapor turbine exhausting to a condenser-boiler 
operated at 200 psig and 540 F total temperature, the 
tions of the main steam header in the plant. 


and economy. 


condi- 
Five entirely dif- 
ferent designs of boilers were covered in this experience cycle. 

In 1927 a 10,000-kw mereury-vapor unit was contracted for as 
a plant extension at the South Meadow Plant to top an existing 
250-psig, 700 F total temperature steam unit installed in 1921 
This design was proved by the Dutch Point experience but in the 
larger size developed several faults. Consequently it was 1932 
before all defects had been eliminated and the plant could be con- 
sidered as dependable central-station equipment. 

From 1932, until its removal in 1947, the 10,000-kw South 
Meadow unit operation was quite satisfactory even though it was 
necessary to reduce top operating load progressively as metal 
By thus reducing load, and consequently 
stresses, we were enabled to produce the results given in the first 


fatigue progressed. 


section of this paper at an over-all plant availability in excess of 
85 per cent. This availability includes outage time for steam- 
cycle equipment as well as that for the mercury cycle. 

Operation of 10,000-Kw Unit. Operation of this 10,000-kw unit 
was extremely simple: Liquid mercury was returned-by gravity 
there was no treatment of the liquid-mercury 
no treating of the boiler feedwater was required; there 
was no complicated feed-heating cycle, and the pressures were low. 


to the boiler: 
charge ; 


Mercury replacement, due to all losses, was low, averaging less 
. 
than 2000 Ib per vear from all causes both avoidable and un- 
avoidable. 


Maintenance was variable. General maintenance was usual for 
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(High-pressure sheil control and stop-valve assembly with 26-in. mere uiry-vapor inlet pipe entering bottom of stop-valve casing. 
mercury-boilersrelief valves with their 18-in. vapor-relief pipe is shown attached beyond vapor-inlet pipe. 


JANUARY, 1950 


SoutTH MEapow STATION 


One of two 14-in, 
Boiler relief valves discharge their vapor, 


‘ when operating, into west condenser boiler.) 


15,000-KW SOUTH MEADOW MERCURY UNIT? 


TABLE 1 


Oil burned, lb....... 
Steam generated @t 260 psig and 700 FTT, Ib 
Gross output from vapor-driven génerator, kwhr. 


12,281,169 
126, 118,000 
10,048,000 


Gross generated from steam, Rwhr...... 1! 3 $7,000 
Net total unit output, kwhr...... 20,870,000 
Heat rate, Btu/net kwhr......... 10,200 


® Twenty-eight consecutive days’ operatiqn at full load. 


all associated equipment and there was no maintenance on the mer- 
eury turbine from 1931 until it was dismantled in 1947. The 
mercury boiler required a major internal cleaning approximately 
once a year using acid, and external cleaning at the same inter- 
vals as a steam boiler. As a general statement, it should be said 
that average maintenance costs for this unit were slightly in ex- 
cess of those for a comparable steam unit. 


New 15,000-Kw Mercury PLant at Soutn Meapow 


While construction work had not been completed it had pro- 
gressed to such a point that it was possible to light the first fire 
under the boiler on January 2, 1949. Preliminary operation con- 
sisting of boiling out, trying out all associated apparatus, and 
making indicated changes and adjustments had been completed 
by January 8, and the mereury-vapor-driven generator was 
phased in on thé line. 
been completed, the changes indicated by the first two runs Had 
been made, and the unit phased for service the third time. The 
plant had been accepted for service with this third start and the re- 
sults of this operating period are shown in Table 1 

All quantities shown in Table 1 are actual net figures, as all 
charges have been made to the mercury plant occurring from asso- 
ciated auxiliary equipment whether it is a part of the mereury 
plant directly or a part of the steam-turbine unit using the steam 
from the condenser boilers. 

Shutdown of the unit at the end of 28 days of operation at full 
load was caused by a partial stoppage in the regenerative air 


By February 1 construction work had- 


Thorough inspection, during. this shutdown, indicated 
that all parts of the mereury cycle were in as good condition as at 
time of the start-up. 


heater. 


CONCLUSION 


From the Hartford Electric Light Company’s experience to 
date, no Serious difficulty is anticipated with any part of the equip- 
ment covered by the new design. The plant forces are adequate 
to handle all phases of the new problems introduced by the neces- 
sary chemical treatment, the special metals used in fabrication, 
and the novel instrumentation. ’ 

* The operating economies have been proved, and the design 
demonstrated as generally adequate. 
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pressure parts. 
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panies or operating companies in carrying out the several pro- 
jects now under way. The relationship has been most cordial 
and all parties concerned have spared no efforts in promoting 


vigorously, their various portions of the work. We particularly 


“wish to congratulate at this time those of the Foster-Wheeler 


Corporation who have worked with such diligence and painstaking 
care in making the Hartford boiler such an outstanding success. 
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Discussion 


Wiiuiam Kowatsky.’ Another step toward widespread com- 
mercial acceptance of the mercury-vapor steam cycle for power 
generation has been taken with the successful completion of the 
mercury power unit at the South Meadow Station of the Hartford 
Electric Light Company. The heat-rate data given in Table 
of this paper will be a criterion against which other utilities may 
check their own plant performances. 

For the writer’s company, the work of planning, fabricating, 
and erecting the mercury boiler was an unusual‘and valuable ex- 
perience. Each stage of development of the mercury boiler was 
preceded by exhaustive tests and investigations, No material 
or procedure was adopted until tried and proved. (It should be 
emphasized that this approach was used by General Electric 
Compariy from the very beginning of its experiments with the 
mercury-vapor process back in 1912. This step-by-step develop- 
* ment can be pointed out as a classic example of the solution of an 
engineering problem in which there was no previous experience 
and where every iter involved unknown elements.) 

From a metallurgical standpoint, there were commercial alloys 
available for the furnace tubing which could withstand the 1100 F 
metal temperature and the 1000 F mercury temperature, but 
fabricating methods, welding, heat-treating, and stress-relieving 
procedures had to be developed. The difference between shop- 
and field-welding procedures had to be investigated. With the 


} operating-temperature range mentioned, creep strength limited 
the design stresses, and considerable stress-analysis work was done 
to insure that the low permissible stresses were not exceeded. 


The boiler was designed to meet the requirements of the ASME 
Boiler Code in so far as possible. 

Due to high metal temperature, it was necessary to select ma- 
terials with high resistance to oxidation. High-silicon steels were 
sélected. It is estimated that these superior materials give the 

* mercury boiler the same economic life as a modern steam genera- 
tor. The tube material for all of the furnace, slag screen, first- 
pass convection tubes, and eighteen rows of second-pass convec- 

tion tubes, corresponded to SA-213-T13. The upper bank of 
second-pass convection tubes had a composition very similar to 

_ SA-213-T21. The mercury drum, downcomer system, upper and 

lower headers, conformed to SA-213-T12. Thus expensive alldys 
were used only where needed, as dictated by boiler conditions. 

Tube supports, fixed ties, and tie-back supports, when exposed to 

furnace or boiler temperatures, were normally of 25-20 alloy com- 
position. The SA-213-T13 tubing (4 to 6 chrome, '/, moly, 1 to 

2 silicon) was welded by the atomic-hydrogen method, using a 
bare rod of the same composition as the tubing. The SA-213-T21 
(2.75 to 3.25 chrome, 1 moly alloy) tubing was welded by electric 
are with a 2 chrome 1 moly coated rod. The SA-213-T12 tubing 
(chrome-stabilized carbon-moly) was welded by electric are with 
a '/, chrome '/: moly coated rod. Backing rings for all welded 
joints were of the integral type, machined right on the tube to 
form the male end, with a standard bevel machined in the match- 
ing tube for the female end. All welds in which SA-213-T13 ma- 
terial was involved, were ground and magnafluxed. Only ran- 
dom welds of the other compositions were ground and magna- 
fluxed. A proof of the welding quality of the total volume under 
pressure or vacuum can be seen in the extremely low air leakage 
into the system. 

The superheater is of the continuous-tube type of carbon-steel 
material. Because the superheater occupies the tail position in 
the boiler, and because of the variable mercury-pressure opera- 
tion, the superheat characteristic drops very sharply as the load 
decreases. To get the maximum performance of the steam end at 
fractional loads, a group of parallel dampers have been installed 


5 Project Engineer, Foster-Wheeler Corporation, New York, N. Y. 
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to by-pass the upper second-pass convection surface, and thereby 
increase the heat available for steam superheating. 

In order to save time and expense in the field, and in order to 
accomplish as much of the welding as possible under shop con- 
ditions, the mercury-cooled walls were assembled in fourteen sec- 
tions in the shop. The elements were fabricated, welded into the 
headers, and then stress-relieved as complete units. This was the 
first time a boiler had been shipped in such large flexible prefabri- 
cated assemblies. Necessarily, this procedure involved solving 
numerous problems, such as handling methods, assembly jigs, 
railroad clearances, erection clearances in the building, and so on. 

The mercury boiler is supported across the front and rear at 
the level of-the bottom of the mercury drum and is allowed to ex- 
pand up and down from that point. The side walls are supported 
at the top of the furnace. Vertical expansions are of the order of 

3 in. and require provision for flexibility in connecting down- 
comer piping to the riser side, a problem which was complicated 
by the much colder mercury on the downcomer side. Tie-backs 
are spaced at approximately 10-ft intervals and arranged for each 
tube to move laterally and vertically, independently of its neigh- 
boring tube. 

During the initial start-up of the mercury boiler, when all con- 
cerned were crossing fingers, praying to the “gods of kilowatts,” 
and trying hard to look unconcerned (even though we knew that 
every care and precaution possible had been taken), it was a 
source of wonderment to the writer to find how correctly the 
General Electric Company designers had predicted the behavior 
of this mereury boiler. When circulation of mercury was still 
erratic and efforts to induce some kick-over of hot mereury into 
the drum and downcomer system to try to equalize temperatures 
and expansions were being made, the prediction was offered that, 
starting at 4000 kw output, there would be some audible thump- 
ing of slugs of mercury in the vapor tubing, and that this would 
quiet down at 6500 kw. It worked exactly as predicted. We 
knew that untreated mercury did not “wet” the inside tube sur- 
faces and that this caused erratic heat-transfer rates. We also 
knew that mercury with smal] amounts of magnesium and ti- 
tanium did wet the inside tube surfaces and allow a uniform 
heat flow into the mercury. Nevertheless, 
eyes when we actually saw this happen. When circulation was 
established, our thermocouple readings indicated wide variations 
in first-pass convection-tube temperatures. Within a few min- 
utes after the treating chemicals had been injected into the mer- 
cury feed lines, the temperature of these tubes dropped approxi- 

mately 100 deg F, and all reached a more-or-less uniform level. 
It was obvious that the heat-transfer rates had suddenly become 
dependable. 

The early mercury-boiler designs were complicated, but now it 
is just like any steam generator in appearance, both from the out- 
side and from the inside of the furnace. The low position of the 
mercury drum with relation to the top of the furnace tubes strikes 
one as unorthodox at first glance; moreover, there is no level of 
mercury in the drum, a condition in which steam boilers are shut 
down promptly. The unit is specially developed and designed 
to run on minimum mercury content, which is possible because of 
the ability of mercury vapor to entrain substantial amounts of 
mercury mist or fog of tremendous .cooling effect. It is neces- 
sary of course to supply a liquid mercury fog to the upper tubes 
to keep the film of mercury, which coats the inside tube surfaces, 
supplied with chemically treated mercury to replace that which 
has been evaporated. Provided reasonable mixture velocities 
are maintained, there is no limitation in size or shape of the tube 
circuits, The length of the tube circuit could be considerable, 
depending on the available mercury-circulating head and heat 
input. As long as treated liquid mercury mist is carried by the 
vapor, there can be no overheating of the tubes, 
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— The Hartford mereury boiler was not built as another experi- 
mental attempt to improve the Emmet mercury-vapor process. 
It is Just another boiler built on a purely commercial basis of 
sound economics, because the practicability of the system has 
feen proved before. 


H. Weisperc.® At the Kearny Station, Public Service of N. J., 
there is installed a 20,000-kw superposed mereury-turbine gener- 
ator which has been in operation since 1933. The combined 
merecury-steam capacity is 45,000 kw. For the first 6 years this 
unit was in service 51 per cent of the time, and generated over 
750,000,000 kwhr; the average output being 32,000 kw. 

In 1940 the boiler was replaced with a more modern design, 
somewhat similar to the new Hartford boiler. In the 9 years 
since then, the unit has been in service 72 per cent of the time. 
It has generated over 2,100,000,000 kwhr, and has had an aver- 
age output of 38,000 kw. The total generation for both installa- 
tions has been about 3,000,000,000 kwhr. 

At the present time the unit is in regular operation on the sys- 
tem at loads up to full rated capacity. Early next year rather 

,extensive repairs are planned, to the furnace tubes owing to wast- 

age on the gas side. Also, the vapor piping and control valves, 
which are plain-carbon steel and operate at 970 F, will be re- 
placed with alloy-steel parts. It is expected that as a ‘result of 
this work, along with other improvements which have been made 
in recent years, the availability of the unit will approach that of 
steam units, which is better than 90 per cent. 

The heat rate of the unit, combined with 1925 design, 355-psi, 

. 725-F steam capacity, compares favorably with the most efficient 
steam units which we are installing today, and as a result, with 
the inflation that has taken place since 1933, the value of the 
unit on the system is about double the original cost. 

We are often asked whether we would install another nrereury 
unit, or why we are not installing mercury units now rathér than 
steam. The answer is that the availability up to the’ present 
time has not been as good as that of steam. It is our belief that 
the troubles we have had are not inherent in the mercury cycle 
and have been cvercome by operating experience and develop- 
ment. With the present state of development, however, it seems 
inadvisable to build mercury boilers in capacities of 125,000 to 
150,000 kw, which size steam units can be utilized safely on a sys- 
tem as large as that of the Public Service. This results in con- 
siderable disadvantage in the first cost of mercury units when 
compared with steam. 

The mercury cycle when combined with modern steam eapac- 
ity is more efficient than any steam cycle currently practicable, 
and therefore it is attractive where fuel costs are high and a 
unit not over 45,000 kw combined capacity is needed. Larger 
units would require two boilers and would be less economical. 
For superposition in sizes not over 20,000 to 30,000 kw, the mer- 
cury cycle is even more advantageous. Here again, if any of the 
Public Service units were to be superposed now, considerably 
larger units could be considered, and the mercury cycle would be 
at a disadvantage compared to steam. For these reasons we 
have not been able to justify additional mercury capacity on re- 
cent installations, 

Summing up, 16 years of experience with the mercury’ cycle 
indicated definite and ‘continuing progress. Additional installa- 
tions appear to be justified at this time in limited sizes and for 
special applications. 


O. L. Woop.?” There are many interesting details of the new 


* Mechanical Engineer, Electric Engineering Department, Public 
Service Electric and Gas Company, Newark, N. J. Mem. ASME. 

? Construction Engineering Division, General Electric Co., Schen- 
ectady, N.Y. Jun. ASME. 
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mercury installation at Hartford which might be used to supple- 
ment the comprehensive paper presented by the authors. The 
writer, however, will discuss only some of the phases of installing 
the new equipment, which is of 50 per cent greater capacity and 
operating pressure, within the space occupied by the original 
unit. 

- The original operating boiler pressure of 85 psig 908 F satura- 
tion was increased on the new unit to 130 psig 964 F. This was 
done, as explained in the paper to obtain (1) greater cycle effi- 
ciency by having the total heat available at a higher initial tem- 
perature, and (2) more available energy per pound of vapor. 

The increase in capacity, requested by The Hartford Electric 
Light Company, was based upon its studies of a replacement and 
the real economies obtained on the original unit. 

A new mereary-boiler design had been developed’ based upon 
considerable investigation of comparable steam-boiler experi- 
ence. It required fewer types of circuits and bends, reducing cir- 
culation studies and manufacturing costs. This design fitted 
nicely between the main building columns at South Meadow. 
A 29-ft width and 20'/.-ft depth of furnace were obtained to give 
the low heat-liberation rate of 18,150 Btu per eu ft at full load. 
Since the vertical cross section of the new boiler had been estab- 
lished, this fixed the location of the boiler drum 47 ft directly be- 
low the original turbine and condenser boiler-room floor. 

It was decided to use four 12-in. schedule 80 vapor pipes of 
SA-280 material for the full-load flow of 1,640,000 Ib per hr. This 
decision was based upon holding 15-psi pressure drop from the 
boiler drum through the double-disk stop and control valves to 
the turbine bowl. These pipes also had to be of sufficient length 
to take care of a vertical temperature expansion of 4 in. with 
stresses within code limits. , 

The turbine, generator, and condensers were rebuilt, rewound, 
and retubed, respectively, and placed in their original positions 
on the turbine-room floor, 

” The gravity mereury-return system, Which carries the con- 
densed mercury back to the boiler, was designed to have as a part 
of it a new type sealéd Sump. This sump, located 9 fi below the 
turbine-room floor, removes large foreign matter by flotation in a 
low-velocity section. In addition, by producing a better vacuum 
in the sump than that in the condenser boiler, a portion of the 
cascading mercury in the sump is flashed into vapor. This vapor 
passes through a short connection from the top of thessump to a 
cooler where it is condensed and run into the system through a 
trap. By means of this vapor carrier, the light magnesium-oxide 


* dust, which is the only oxide residue in a chemically treated mer- 


cury system, is taken out of the returning mercury continuously 
and deposited in tlie cooler. The residue formation in Hartford 
is extremely small because of the all-welded mercury system, bel- 
lows-sealed valves, and leakproof turbine-shaft seal. The total 
air leakage of less than 1 cu ft per hr into the 3000-cu-ft operating 
vacuum space causes a metallic-magnesium loss in the treated 
boiler mercury of less than '/: Ib per day. ? 

Spiral ramps were destgned to avoid shock from falling mereury 


in the grayity-return system. The largest of these ramps was , 


calculated to carry the mereury down 24 ft vertically. The two 
elements required were to keep the mercury content in the flow 
circuit to a minimum and to hold the pressure drop within the 
limited head available. This head had been reduced by the in- 
creased boiler pressure of the new unit, which at 130 psi backs the 
liquid mereury 27 ft up the return line. Only a few feet are left 
above this to the sump outlet for additional pressure require- 
ments for blowing the mereury safety valves and pressure drop 
through the return system at full load. 
Other items, which were designed to a minimum size, but yet 
sufficiently large to meet the heat-balance requirements were 
(1) the water economizer, and (2) the air preheater. For the 
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economizer, the inlet water was increased 130 deg F over that 


additional bleed-heating. 
erative-type air heater was used instead of the tubul 
in the original installation. 


used in the original unit by A regen- 


ar type used 


Avruor’s Closure 


The modern-design fog-type mercury boilers such as the 15,000 
kw Hartford Unit are in reality simple boilers offering no serious 
problems of design and manufacture although somewhat different 
procedures were hecessary as compared to the present-day high- 
temperature steam generators. Operating problems appear to 
be quite similar particularly with regard to expansion and other 
temperature problems. 

The problem of burning low-grade 
more critical with the mereury uni 
temperatures encountered in the 
than in the high-temperature 
only, 


fuels may be somewhat 
ts because of the higher metal 
entire mercury boiler rather 
superheaters and their supports 
As Mr. Weisberg mentioned in his discussion, furnace-tube 
wastage under certain conditions of coal or fuel-oil operation has 


been experienced in a greater or lesser degree at both Kearny and 
“R 
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ase in certain of the newer high- 
‘am boilers and superheaters. 


Hartford as has also been the es 
pressure, high-temperature ste 

Corrective measures for this annoying problem are being 
vigorously pursued with extremely encouraging results already 
reported from Kearny and elsew here. Surface coatings of fused 
25-20 weld metal as well as likely silicon coatings and paints are 
now under test in various mereury and steam plants while various 
tests are in progress using additives in the fuel as corrosion 
preventives, 

Standard design mereury-unit power plants of extremely 
high over-all efficiency up to 80,000 kw combined mercury-steam 
capacity are now available for general power applications. 

At the present time, only the plants larger than 50,000 kw 
total merecury-steam capacity require two mercury 
mercury turbine although a twin-boiler ¢ 
boilers and turbine may be*had if 
plan sizes, 

For example, the new 40,000 ky Schiller Station of the Public 
Service Company of New Hampshire utilize 
7500-kw mercury-unit 
25,000-kw steam turbine 


boilers per 
ombination of mercury 
desired in all but the smallest 


's two standard-design 
power plants to supply steam to one 
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Exres 


Biological 


Marine 
By WILLIAM F. CLAPI 


The common mussel is identified as the organism most 
important in the fouling of sea-water conduits and most 
difficult to control. Relevant features of its construction, 
living habits, rates of propagation and growth, and meth- 
ods of described. 


While very young organisms, in general, are less resistant 


locomotion and _ self-protection are 
to unfavorable conditions than the mature of their re- 
spective kinds, and the mussel is probably no exception; 
in the case of the young mussel very high resistance is 
founu very shortly after the permanent shell takes com- 
plete formation. Chlorination tests on mussels at Kure 


Beach, N. C., are described and results quoted. > 


CLASSIFICATION OF FOULING ORGANISMS i 


HERE are a number of different kinds of marine animals and 

plants which can be classed as fouling organisms. They 

can be divided into two important groups; those which are 
sessile or incapable of further movemené after having become at- 
tached and those which can become secure or optionally motile. 
In the first group would be included such common fouling organ- 
isms as the barnacles, bryozoans, and algae; in the second, 
the common mussels and sea anemones. 

Those in the first group are unable to escape from an environ- 
ment which is no longer favorable. Those in the second group 

! President, William F. Clapp Laboratories, Inc. 

Contributed by the Power Division and presented at che Spring 
Meeting, New London, Conn., May 2-4, 1949, and the Semi-An- 
nual Meeting, San Francisco, Calif., June 27-30, 1949, of Tue 
AMERICAN Society or MecHanicat ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—-S-15. 
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are capable of migrating from an undesirable location and of 
locating again and becoming firmly attached where the surround- 
ings are more suitable for the support of the organisms. 

Among all of the organisms which might be classified as foul- 
ing,? the one group which generally appears to be most difficult 
to control is that of the mussels, typically shown in the mature 
form in Fig. 1. The various species in this group are frequently 
able to survive conditions which eliminate other groups of fouling 
‘organisms. Therefore the remarks following will be confined 
to the mussel, and it is believed safe to assume that in so far 


as organisms which are of real importance in the marine-fouling 
problem under discussion are concerned, methods or materials 
which will check fouling by mussels will be at least equally effec- 
tive in controlling the other organisms. 

Among the various species of mussel which are found com- 
monly and plentifully in intake systems, the edible mussel, 
Mytilus edulis, is probably the worst offender. It has a very 
wide distribution along the Atlantic coasts of Europe and the 
United States, and also on the California coast. Other common 
species of fouling mussel are Mytilus californicus, M ytilopsis 
leucophaeta, Brachydontes exustus, and Brachydontes recurvus. 


Usuat Hapirat or THE Sea Musse., Mytitus Epuuis 


M ytilus edulis normally lives and thrives in enormous numbers 
in water with salinities varying between 15,000 ppm and the 
30,000 ppm or more of normal sea water, in the between-tide 


2 “Macro-Organisms in Sea Water and Their Effect on Corrosion,’’ 
by W. F. Clapp, The Corrosion Handbook, H. H. Uhlig, editor, 
John Wiley & Sons, Inc., New York, N. Y., 1948, p. 433. 

“Fouling Organisms on Paints in Salt Water,’’ by W. F. Clapp, 
Protective and Decorative Coatings, J. J. Matiello, editor, John 
Wiley & Sons, Inc., New York, N. Y., vol. 3, 1943, p. 401. 
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“areas in more or less sheltered harbors and estuaries. The 
Mytilus also thrives, with appropriate conditions of environment, 
at considerable depths. Individuals may exist in water of lower 
salinity, but under such conditions comparatively few survive. 
Therefore those present under conditions of ‘low salinity are so 
few in number that they contribute very little to fouling. 

In harbors where conditions are favorable, Mytilus edulis 
frequently will form great ‘beds’ several acres in extent on the 
mud flats which are exposed at low water. In these beds mussels 
of all ages and sizes are fastened together in clustets which may 
contain hundreds of individuals to the square foot.” 

While it is true that such mussel beds are also found below the 
mean low water and even at considerable depths in the open 
water outside of harbors, it seems probable that the heavy growths 
of mussels frequently found in intake tunnels are formed by the 
offspring of the parents living in the mussel beds in the shallow 
harbor water in the neighborhood of the intake tunnel. ; 


Factors AND DEVELOPMENT OF MytILuUs 
EpULIS 


The sexes are separate. The female Mytilus edulis may pro- 
duce considerably more than 1,000,000 eggs in a single season. 
After fertilization, cell division and the development of the 
free-swimming embryo are rapid. The duration of this develop- 
ment of the Mytilus free-swimming larva, up to the appearance 
of the first embryonic shell, varies considerably. Some investi- 
gations have shown that this period of growth may be completed 
in as brief time as 12 days, w hile j in other cases the same develop- 
ment requires more than 3 weeks. This variation appears to be 
normal and undoubtedly is due to favorable or: unfavorable 
conditions of temperature and other factors. 

During the period of larval development the enaheyos are not 
attached, in fact, are not sufficiently developed to have formed 
any organ which could be used for the purpose of obtaining a 
foothold. They may be carried back and forth by tides and 
currents and therefore may bé widely distributed. When the 
embryo has formed the first protective shell it is approximately 


0.25 mm in Lean ‘The shell is transparent and bears little 


resemblance to the second protective shell which the animal 
begins to form almost immediately beneath the original embryonic 
shell. 

During the height of the breeding season these minute em- 
‘bryoniv mussels, which have progressed to the shell form, may . 
appear in great numbers on any material which provides a satis- 
factory foothold. Wooden panels placed,in the water during the 
seasons when these larval forms are abundant frequently show 
great numbers of individuals which have arrived on the panels 
and, are endeavoring to secure a firm foothold. While such 
“sets’”’ generally occur during the late spring, summer, and early 
fall months, the past winter saw unusually heavy sets in Decem- 
ber, January, and February, at Portland, Me., Atlantic Beach, 
N. Y., and other northern loc: ations. 

At Atlantic Beach, panels submerged for 30 days ending 
January 13, 1949, were found completely covered with’ the 
shelled embryos of Mytilus edulis. Many specimens had attained 
a length of 1 mm. The average number of individuals to the 
square inch was found to be more than 1000. Figs. 2, 3, and 4 
are greatly enlarged views of mussels from the set at Atlantic 
Beach. These figures show young mussels in the two stages of 
development mentioned. The embryonic shell is clearly visible 
at the umbo of the larger specimens. Fig. 4 is of special interest 
showing juvenile mussels attached to a hydroid stock. It is 
possible that unusually favorable conditions during the past 
winter months have been responsible for the early development 


of embryo Mytilus. It is not known whether or not they are . 


able to survive the unfavorable conditions of subsequent’ low 
temperatures and probably scanty food supply. 

In the case of the normal mussel, 10 months after having 
become attached as a minute embryo 0.5 mm in length to any 
submerged object, an individual specimen of Mytilus edulis 
may grow to be more than 50 mm in lefgth, 35 mm in width 
and 20 mm in thickness. Thus an individual may increase 
1,000,000 times in bulk during a growing period of 10 months. 
It would also follow that if the majority of such embryos should 
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(Collected at Atlantic Beach, N. Y., December 13, 1948-January 13, 1949.) 


Empryonic anp Juventte Mussecs, 1 Mm Lona or Less, Arracnep To Hyproip Srock, CLusrerep 8 To 10 Deep 
(Collected at Atlantic Beach, N. Y., December 13, 1948-January 13, 1949.) 


live, a pint of Mytilus embryos might, in the same period of 
time, develop into a mass of mature specimens weighing 500 tons 
or more. 


RELATIVE OF Young Mytitus Epvuuis 


UNFAVORABLE ENVIRONMENT 


From observations it certain that under 
normal conditions embryonic and immature Mytilus edulis, 
rarely more than a few millimeters in size, are responsbile for the 
Mytilus fouling in intake tunnels. 


usually is operated at the entrance of such intakes, would prevent 


numerous seems 


The system of screens which 


passage of large specimens, and certainly would prevent passage 
of individuals large enough,to be breeders. Therefore the efforts 
of those who have attempted to control mussel fouling have been 
to prevent the attachment and survival of the embryonic and 
immature individuals which are carried into the tunnel. 

It has been generally believed and undoubtedly is true that 
with all organisms the mortality is highest in the embryonic 
or immature stages. The mature organism is stronger and better 
adapted to survive unfavorable surroundings than the very 
young of the same species. 
Mytilus edulis. 


This is probably true also with 
However, apparently in the case of Mytilus 


we 
. 
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edulis a high degree of endurance is attained at a rather early age 
after acquiring the permanent shell. In certain studies made 
at the Kure Beach Test Station near Wilmington, N. C., and 
also in tests conducted by H. E. White,* the very young of 
but few millimeters in size of at least some species of mussel are 
found as capable of surviving undér the described unfavorable 
conditions as the mature animal. At this stage the bivalve 
shells can be closed tightly for long periods of time, thus com- 
pletely excluding any obnoxious materials which may be present 
in the water. 


LOCOMOTION AND GROUPING OF Mytilus 


The Mytilus, like all other mollusks which are provided with 
such an organ, uses its single foot for locomotion. In young 
specimens 2 or 3 mm or, less in length, the foot, when extruded, 
is of about the same length as the shell. Near the tip or outer 
end of the foot is a minute orifice through which the animal is 
able to extrude a very delicate filament quite similar to the 
strands of fine spider web. It is this web which provides the first 
“holdfast’”’ for the immature mussel. By means of powerful 
muscles the foot can be moved in any direction, lengthened, or 
contracted at will. The motion of the foet in a mussel which is 
migrating from one location to another bears a striking resem- 
blance to the motion of an elephant’s trunk. When moving, 
the foot is extended to its full length, the tip end is arched, and 
the thread-spinning gland is touched to the surface of the material 
upon which the organism is moving. The thread is firmly 
cemented in the form of a minute pad to this spot, and it is 
sufficiently strong to support the weight of the entire animal and 
shell if suspended in the air. As soon as the thread is attached 
to the base, the foot is contracted and the shell is pulled forward 
until it is directly over the new point of attachment. Speci- 
mens which are as large as 5 mm in length are therefore capable 
of moving for a distance equal to the length of the shell at each 
time a new holdfast is formed. Since each forward movement 
may require only a few seconds, the total distance covered in an 
hour may be several feet. With still larger individuals, the 
length of the foot in proportion to the length of the entire shell 
tends to be smaller, progress so tends to be slower, and distance 
covered in a given period of time much less. . 

When the mussel has reached a spot where conditions are favora- 
ble, it remains stationary while the foot, waving around in all 
directions, exudes a large number of threads, known as the byssus, 
each of which is firmly cemented to whateyer the gland of the 


“Control of Marine Fouling in Sea-Water Conduits Including 
Exploratory Tests on Killing Shelled Mussels,” by H. E. White, 
published in this issue of the Transactions, pp. 117-126. 


Mytilus edulis L., attached by its byssus 
(By) toa piece of wood P, foot; 8, anal siphon, 
the branchial siphon being below it and pot 
closed. (After Mobius.) 


Fic. 5 Sketcu or Exrertor or Musset, Saowinc MANTLE AND 
Foor ExTENDED 


FEBRUARY, 1950 
foot comes,in contact with and provides an attachment which is 
exceptionally secure. Fig. 5 is a drawing of a mature mussel 
showing the foot extended and a number of byssus threads 
attached. Fig. 6, also a drawing, shows the internal anatomy. 
Many of the holdfasts may be upon the base upon which the 
mussel is traveling, or upon the shells of other mussels or other 
organisms near at hand. The mussels customarily come to rest 
in large clustérs with a mass of weblike holdfasts attached to 
the base and to each other, as illustrated for small clusters in 
Fig. 7. When conditions, for one reason or another, become 
unsuitable, the organism can cut its cables and again endeavor to 
move on. However, in large clusters it is obviously necessary 
that all individuals have the same urge to separate one fromean- 


Fig. — Mytilus edulis, Linn’. Le lobe gauche du mauntean est 
welevé.— 0, bouche: S, palpe labial externe; Br, branchic pied ; 
byssus; M, bord du manteau (Deshaves). 


Fic. 6 Diagram or INTERNALS OF Musser 


Fic. 7 Crusrers or Musseis on Watt or INTAKE TUNNE! 
(Black and white scale divisions approximately 1 in.) 
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other and from the base. Tests have shown that * complete 
severing of all holdfasts in a cluster can be and frequently 
is accomplished in the comparatively brief period of only an 
hour or two. 

There is one other important method of locomotion of which 
the mussels are capable. Young individuals of 4 mm or 5 mm 
or less in length are able to sever their holdfasts and float 
iway from their immediate environment. 
currents, and winds they may in this way be carried for long dis- 
Having no power to direct their movements, their 
ultimate landing spot is a matter of chance. Incidentally, during 
a migration of this type, many individuals up to 4 mm or 5 mm 
in diameter may be carried through the screens and then manage 


By means of tides, 


tances, 


to secure a foothold in some portion of an intake tunnel or system. 
It is believed that sueh small mussels are capable of retaining 
inside of the shell a small bubble of air or gas which enables 
If the mussel is disturbed 
while floating, the bubble disappears and the mussel sinks rapidly 


them to float at will in the water. 
‘to the bottom. 


Beach CHLORINATION TESTS 


At the Kure Beach Station studies were undertaken to detor- 
mine the comparative value of different schedules of chlorination 
n control of mussel growth. 
tray in each group of identical weir boxes or compartments sup- 
plied with continuously flowing sea water. The general arrange- 
ment of the test equipment is shown in Fig. 8 Individual com- 
x 24in. long. Tur- 
yulence was reduced by a perforated stilling baffle at the mid- 
ength. 
inated to selected residual concentrations by automatie feeders 
on predetermined schedules. 


The procedure was to place a test 


partments were approximately 8 in. * LOin 


Water entering the different compartments was chlor- 


In order to determine the comparative value of various 
strengths of chlorine in the control of fouling organisms when 
idded to the circulating water for varving periods of time, the 
following procedure was adopted: 


The organisms used was the Brachydonies crustus, one of the 
mussels commonly found in intake systems in southern waters. 
The normal habitat of this mussel is in the between-tide area, 
where they grow in such abundance that they frequently com- 
pletely encrust wharf piling, bulkheads, and other structures in 
The individual specimens can become so firmly 
attached to steel, concrete, wood, or other materials, that they 


the open sea. 


cannot be dislodged even by the heaviest surf. As in the 
case of other species of mussel, the voung are incapable of attach- 
ment to any surface until they have developed to the stage at 
which the embryonic shell has been formed and the organism 
has reached a length of 0.25 mm or more. bs 

Clusters of the mussels, containing from 50 to 100 specimens 
of lengths varying from 0.5 mm to 35 mm, obtained from the 
between-tide area of a sheet-steel bulkhead, were used in the test 
Care was taken not to injure the specimens by rupturing the 
byssts gland in the foot. By means of a scalpel the byssus 
threads were cut as closely as possible to the pads on the tip 
ends of the threads. The clusters were then placed in separate 
porcelain dishes and the dishes submerged in clean flowing sea 
water. Within an hour or two the clusters had become sui- 
ficiently firmly attached to the extent that they could only be 
At the end of 24 hr the clusters could 
The dishes were then 
distributed in the various weir boxes as follows: 


removed with difficulty. 
not be shaken loose from the containers. 


Control 
. Continuous 
Continuous 


Box No. 
Box No. 
Box No. 


Nominal chiorine residual, 0.00 ppm. 
Nominal chlorine residual, 0.25 ppm. 
Nominal chlorine residual, 0.5 ppm - 
Box No. Nominal chlorine residual, 1.5 ppm...2 hr on: 2 hr off 
Box No. 5— Nominal chlorine residual, 3.0 ppm...2 hr on: 2 hr off 
Box No. 6--Nominal chlorine residual, 1.56 ppm 2 hr on: 6 hr off 
Box No. 7—Nominal chlorine residual, 3.0 ppm... .2 hr on: 6 hr off 

It should be stated that the chlorine residuals given in the 
foregoing table were determined colorimetrically by the ortho- 
tolidine method with a disk-type comparator, instead of deter- 
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~ 


Fic. 9 CLOSE- LORINATION TES 


SHOWING iT WerR or Box No. 1, 


ABSENCE OF SLIME 


mined by the starch-iodide method,‘ or by the methyl orange 
method® and accordingly are merely nominal values.. It 
possible that absolute values in the lower concentrations may ha 
been as much as 100 per cent higher than shown in the tabulatio 
On the other hand, for comparison with figures secured by tl 
orthotolidine method, of course no correction is required 
these tabulated values. 

At the end of 24 hr the clusters in the control-weir, box No. 
with no treatment, were still firmly attached and no noticeab 
change had taken place, In all of the other weir boxes t 
mussels had begun to separate from the clusters and many we 
lying loose on the bottom of the containers with no attachmer 
At the end of 6 days no change had taken place in the control- 
weir, box No. 1. The clusters were still firmly attached, and the 
individuals in an apparently healthy condition. In the con- 
tainers*in weir boxes No. 2 and No. 3, which were being given 
continuous chlorine treatments with residuals of nominally 
0.25 ppm and 0.5 ppm, respectively, the mussels had all lost 
their holdfasts. The shells of many were opened wide, and 
when the animal thus exposed was touched with a teasing needle 
the shells were not closed. The effect on slime-producing organ- 
isms from the continuous presence of chlorine in the sea water 
is shown in Fig. 9, a view of the weirs of boxes No. 1, No. 2, and 
No. 3, and the absence of mussel activity in water of 0.25-ppm 
chlorine concentration is shown in Fig. 10. The clusters in weir 
boxes Nos. 4, 5, 6, and 7 had also severed all attachments, but the 
majority of the specimens of all sizes had the shells tightly closed. 
Comparatively few had the shells open. 

At this time, the end of 6 days, all of the containers were 
removed from the weir boxes and were submerged again in clear, 


« “Residual Chlorine,’’ Standard Methods for the Examination of 
Water and Sewage, American Public Health Association, 1936, pp. 
164-165, and 228-232. 

6 “Colorimetric Determination of Free Chlorine With Methyl 
Orange,’ by Michael Taras, Analytical Chemistry, Ameriean Chemi- 
eal Society, vol. 19, 1947, pp. 342-343 


Fic. 10 Guass Panets From Caiorination Test, Kure Beacn, 
ComPaRING Errects or Continuous 0.25-Ppm NomMINAL CHLORINE 
ResipuaL AND UNTREATED Sea Water Usep ror CONTROL 


untreated, flowing salt water for 24 hr. Ali of the specimens 
in control container No. 1 appeared to be alive and in excellent 
condition. At the end of the 24 hours none of the specimens in 
containers Nos. 2 and 3 had revived, all shells were widely opened, 


- and disintegration of the animals thus exposed had started. 


In containers Nos. 4, 5, 6, and 7, all of the specimens were still 


* unattached but many still had the shells tightly closed and only 


25 to 50 per cent had the shells open in any of these containers. 

It should be noted here that many of the mussels which re- 
mained alive in container No. 6 (2 hr chlorination at 1.5 ppm, 
6 hr no chlorination) extruded the foot and began to migrate 
within a few moments after having béen submerged in clean salt 
water. Within 24 hr these individuals had again formed in two 
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or three clusters and were firmly attached. This to a lesser degree 
was true in the case of the mussels in containers Nos. 4, 5, and 7. 
It was also noted that the very young specimens only 1 mm or less 
in size were as quick to recover and as agile in migrating as the 
larger specimens. This would tend to discount the belief that 
the shelled young are necessarily more susceptible to unfavorable 
conditions than the older individuals. Once this form has been 
reached the immature Mytilus is soon as resistant as the mature 
specimen. However, it is probable that the free-swimming 
larvae, without the protection of the shell, would succumb 
quickly to such severe conditions. 

The mussels in containers Nos. 2 and 3 were discarded, and the 
dead mussels in containers Nos. 4, 5, 6, and 7 were removed 
and new specimens were added, The tests were then repeated for 
5 consecutive weeks, following the same procedure and with 
approximately the same results. Since a considerable number of 
new healthy specimens were added to containers Nos. 4, 5, 6, and 
7 at each weekly interval, the maximum period of individual sur- 
vival under the intermittent treatment was not determined. 

Summary OF Kure Beacu Tests 

Continuous chlorination at 0.25 and 0.5 ppm resulted in a 
complete kill of Brachydontes erustus. In addition, no fouling 
organisms of any kind, or slime film, could be found in these 
weir boxes. 

A varying number, probably averaging 50 per cent, of Brachy- 
dontes erustus were killed in the weir boxes which were provided 
with intermittent In addition, living barnacles 
and Bryozoa were found in these weir boxes. 


chlorination. 
RELATED OBSERVATIONS AND DepucTIONS 


Some organisms, generally those which are not provided with 

protective shell or covering, are much more susceptible to 
unfavorable conditions than others. Among such organisms 
the sea anemones and hydroids probably belong. It is of impor- 
tance in this connection to note that blocks of wood which were 
placed in the control weir box at Kure Béach Station were des- 
troved by teredo in a few weeks. Similar blocks placed in all of 
the other weir boxes showed no trace of any borer attack. It is 
evident that the embryonic teredo without the benefit of any 
shell for providing protection is unable to survive any of the 


chlorine dosages used during this test. On the other hand, once 
having succeeded in entering the wood, the mature form of 
teredo would be well protected against all but the most severe 
unfavorable conditions. 

Those marine mollusks which are accustomed to living exposed 
in the between-tide area are frequently provided not only with 
strong shells which can be closed very tightly, but also with verv 
powerful muscles which enable the animals to keep the shells 
tightly closed for long periods of time. The scallops and mussels 
are of this type while the various species of burrowing soft clams, 
which are protected by the burrows they live in, frequently do 
not have tightly fitfing shells or strong muscles for closing them 

The mussels living on our tidal flats are out of water and ex- 
posed to the rays of the hot sun during the summer for 2 hr or 
more during each low-tide period. For them to survive, it would 
be essential that they protect themselves by keeping the shells 
tightly closed during the period of exposure. 
to be a necessary adaptation. 


It would appear 
It would seem probable that the 
Mytilus, which can remain closed and survive exposure to the air 
and hot sun for 2 hr each day, could survive equivalent unfavors- 
ble conditions in an intake tunnel for equal periods of time. 

It would seem from the tests described that continuously but 
comparatively slightly unfavorable conditions would eliminate 
the undeveloped and unprotected embryos of the fouling marine 
organisms. This would be the most desirable objective to attain 
It would also seem that much more unfavorable conditions are 
necessary to produce a kill when the organisms have passed from 
the embryonic stage to the mature form. 

On the other hand, the evidence seems to indicate that, with 
some Mytilus, even slight and intermittent chlorination would 
result in the mature specimens releasing the holdfasts. In this 
way it is conceivable that, if still small, they might then be 
carried through the system without causing further trouble. 
However, it is also possible that with sufficiently low velocities 
this might result in an accumulation on the bottom of the tunnel 
which, eventually, would have to be removed. 


ACKNOWLEDGMENT 
The author desires to express his appreciation to Mr. Frank L. 
LaQue of The International Nickel Company, for permission 


to reproduce the illustrations of test equipment used at Kure 
Beach Station, and to quote from results secured. 


aS 
AL 4 
i | 
ain ith’ 
* wh 4 
\ 
‘ 
wall. 
we 


The | 
of aqui 


years, | 
the eff 
mainte 
on seve 
neers a 
Mytilu: 
resume 
prograr 
cal. 


rogram 
ional 66 
oused iu 


Super 
Contril 
Meeting, 
leeting, 
OCIETY 
Nove: 
nderstoc 
f the So 


4 - * 
— 


GENERATOR NO 
SUCTIONS 


#ATOR NO 6 SUCTIONS 


DIFFUSERS FOR 
CHLORINE SOLUTION 


“TL +1300 Ext 
+100" hw 


000 MEAN Lw 
50 EXT 


ELEVATION 


Fic. 1 


Project Study for the 


The growth of marine organisms with resultant fouling 
of aquatic vessels and tunnel structures, throughout the 
vears, has presented the utility engineers with a problem 
the effect of which creates lower efficiencies and higher 
maintenance costs. Mitigation of such growth and fouling 
on several occasions has been studied by industrial engi- 
neers and biologists. The result of such studies indicates 
Mytilus are the most difficult to control. The paper is a 
resume of experiments and the development of a chlorine 
program which to date has proved effective and economi- 
cal. 


INTAKE-TUNNEL ARRANGEMENT 


N ,the year 1927, fully realizing the necessity of expansion 
to meet the future supply of electricity, the Lynn Gas & 
Electric Company, Lynn, Mass., entered into a construction 
program the ultimate objective of which was to provide an addi- 
tional 60,000-kw capacity. This entire development was to be 
housed in a new structure adjacent to the old generating station. 


' Superintendent, Lynn Gas & Electric Company. 

Contributed by the Power Division and presented at the Spring 
Meeting, New London, Conn., May 2-4, 1949, and the Semi-Annual 
Meeting, San Francisco, Calif., June 27-30, 1949, of Tue AMeriIcAN 
Society oF MecHANicaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. Paper No. 49—S-20. 


ARRANGEMENT OF INTAKE TUNNEL, ELecTRIC GENERATING STATION 


Mitigation 
of Marine Fouling = 


By I. A. PATTEN,' LYNN, MASS. 


Included in the new development was a reinforced-concrete 
The tunnel 
as designed provided for one concrete rectangular tube, 7 ft square 
near the intake and of progressively decreasing cross section, 
approximately 250 ft in length, as shown in Fig. 1. The intake 
end on the Lynn Harbor front, submerged to minus 13 ft relative 
to mean low-water datum, is equipped with inner and outer 
gates which permit unwatering and cleaning either screen well 
without interruption of service. 


intake water tunnel for condenser-cooling purposes. 


The new tunnel, however, is a 
single-tube conduit; consequently, when tunnel cleaning be- 
comes necessary, it can be accomplished only by shutting down 
the main tunnel and employing inadequate by-pass connections 
for circulating-water requirements. The maximum demand for 
total cooling water at this station is in the order of 9400 efm. 
Due to the design and location of the suction chambers in the 
tunnel, the velocity of the water varies in its flow, but for all 
practical purposes the maximum rate is around 3 fps. 


Earty Foutinc OUTAGES 


The new station was put into operation in the fall of 1929, 
and, following approximately a year of satisfactory operation, 
condenser fouling due primarily to mussel and marine grewths 
occurred. Within a relatively short time condenser outages 
were becoming very frequent, thus necessitating search for the 
cause of this trouble. A diver was sent into the tunnel to deter- 
mine the marine-growth condition existing therein, and much to 
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the surprise of all concerned, a very heavy congestion of Mytilus 
(common mussels), T'ubularia (sea moss), and Metridia (sea 
-anemone) was found. These growths were firmly attached to the 
walls and roof of the tunnel and varied in amounts fairly consis- 
tent with the rate of flow; that is to say, the nearer to the intake, 
the more plentiful the attachment of the wall surfaces. 

Now the handwriting was on the wall, so to speak, the opera- 
tional problem of “condenser fouling’? had a brother—‘tunnel 
congestion,’’ and these two factors were of grave concern as time 
passed, 

It was a frequent occurrence for each turbine generator to be 
out once a week for condenser cleaning, and the deposits of slime, 
silt, and mussels in the tubes were very disheartening. The 
economics of such conditions in a modern generating station were 
embarrassing as Outages necessitated purchasing power from a 
nearby utility, and operating efficiency was far below normal, 
primarily due to poor vacuum conditions in the turbine units. 


MANUAL REMOVAL OF FouLInG CosTLy 


In the spring of 1931 it became necessary to’ unwater the 
tunnel and to do a thorough cleaning job, which was termed at 
the time the “clamming” expedition. This resulted in the re- 
moval of approximately 160 tons of mussels and other marine 
growths. Accompanying the marine growth, there was an ac- 
cumulation on the floor of the tunnel to a depth of 18 to 24 in. of 
harbor silt, mussel excretion, and many dead-musse] shells. 

From Fig. 1 it is obvious that an undertaking of this kind was 
costly and difficult to perform, as all debris must be raised from 
the tunnel through four manholes throughout the length. The 
temporary suction line was attached to the station’s largest tur- 
bine generator (25,000 kva) and the deficiency of kilowatts was 
supplied from an adjacent system. The time consumed was 
approximately 20 hr, and the cost in the vicinity of $6000. for 
equipment and labor. Yet, a tunnel-cleaning program had to 
be established for at least once every 12 months. The reality 
of this problem, plus the headache of condenser cleaning, the 
loss of station efficiency, and the accompanying high operating 
maintenance cost were factors which led to vigorous study and 


agents not then too familiar to the utility industry. 


INITIAL INVESTIGATION AND OBSERVATIONS 

The investigation was begun by correspondence with other 
utility companies and a few industrial plants to gain knowledge 
of their experience. In a few cases, chlorine was mentioned 
favorably even though very little information was available that 
could be applied directly to the complete elimination of mussels 
by chlorination. The Department of Commerce, Bureau of 
Fisheries in Washington, supplied information relative to the 
spawning of mussels which they stated should cease about 
the first of August but added the cautionary comment that the 
free-floating larvae would exist in abundance for at least 2 weeks 
after the end of the spawning season and might be expected to 

*attach themselves within the intake system during such period. 
They also advised that the use of chlorine gas for preventing the 
growth of mussels was being investigated by the Bureau. 

During the interim two interesting facts were learned. The 
first was that the Atlantic seaboard during the seaons of 1930 
and 1931, had produced what was termed in those days ab- 
normal mussel years. While it seemed within reasonable pros- 
pect that future years would be more favorable, there still also 
seemed sufficient room for pessimistic doubt to warrant continu- 
ance of the investigation. The other, which was felt in part 
directly responsible for the mussel conditions in the immediate 
area, was the changed sea-water condition in Lynn harbor. 
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Up to 1929 the Lynn sewerage system had been flowing directly 

into the harbor, resulting in a fairly high concentration of-pollu- 

tion in the water. Subsequent to 1929 an outfall sewer system 

was laid, and the sewerage pollution was removed from the harbor 
. waters, which was favorable to marine growth. 


INrriAL TRIAL OF CHLORINATION 


Further study, including reference of the problem to our 
engineers and to one of the country’s most noted marine biolo- 
gists, led to a decision to try chlorine as a preventive against 
The equipment then available was not tod 
elaborate or complete, and the installation and operation were 
equally in question as this process was still in its infancy. How- 
ever, a voluntary committee was formed and, securing what 
equipment there was available, an operating schedule was set 
up on February, 23, 1931. The recommended and trial cycle of 
operation consisted of 7'/: toe-15-min injections once every 3 hr 
with a chlorine residual 0.4 to 0.8 ppm. . 


mussel development. 


After a few months of operation there was found to be little 
if any improvement in the mussel situation. This, coupled with 
the fact that corrosion-erosion of condenser tubes and graphitiza- 
tion of condenser water boxes were noticed about the same time, 
aroused serious doubt as to the advisability of continuing chlori- 
nation. However, persisten¢éy prevailed and, in our endeavor to 
overcome these corrosion conditions, zine plates were installed 
in the water boxes, ferrule extensions applied at inlet ends of 
condenser tubes, and the water-box surfaces treated with hot 
Apexior. 

While these measures offered relief, it was apparent that they 
should be termed at best deterrents rather than cure. Chlorina- 
tion was continued until May, 1932, and then discontinued, as 
everyone felt the objective, mussel mitigation, had not been 
reached and its attainment uncertain. While all felt chlorine 
had not failed completely, its continued use seemed unjustifiable 
until many of the unknown factors had been given further study 
and evaluation. 


- Corrosion NoT CAUSED BY CHLORINATION 


Subsequent to discontinuing chlorination, the following be- 
came apparent: 


1 The corrosion-erosion within the condenser tubes was being 
caused primarily by free oxygen in the circulating water, and the 
same cause seemed the primary factor in the attack on the 
ferrules, tube sheets, and water boxes. Tests showed that a con- 
siderable amount of entrapped air existed in our intake tunnel. 
This air, when passing through the circulating pumps and thence 
into the condenser, resulted in the liberation of large quantities 
of free oxygen. The first preventive step was to install a vent 
standpipe ‘about midway of the intake tunnel. This procedure 
immediately showed favorable effects and was followed by in- 
stalling air erosion eliminators in the condenser water boxes, 
in addition tothe vent. - 

2 Stray-current electrolysis was also an important factor in 
the observed corrosion. In the process of investigation, tests 
were conducted for electrolytic action which discovered evidence 
of stray currents prevailing not only upon the condensers but the 
pump impellers and associated equipment. Preventive measures 
were taken, and it was soon learned that the foreign current ex- 
tended out into the screen well and forebay. Finally, an open 
negative was discovered on an adjacent direct-current system 
ground submerged in the Saugus River. When repair to the 
negative was effected, the electrolytic condition was eliminated. 
These facts are mentioned to indicate how our thinking changed 
with reference to the effect of chlorine on this type of equipment 
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ELecrrocuTION ATTEMPTED 

One other experiment, worthy of mention in passing, was an 
attempt to electrocute various types of marine growth. Two 
framed wire grids were submerged in the fore!/ay several feet out- 
side the screen well. Low-voltage electric current was supplied 
to one grid and no energy to the other. The grids were with- 
drawn monthly for examination. The energized grid contained 
few if any mussels, and other types of marine growth, such as 
barnacles, etc. On the unenergized grid quantities of mussels 
and other marine growth were present. It seemed probable at 
tlie time that electric energy supplied through a properly designed 
screen or grid system of some kind would result in killing the 
mussels when in the embryonic or larval stage. However, due to 
lack of available equipment, after about 5 months of operation, 
the experiment was discontinued without actually determining 
the merit of the scheme. 


TO ResuME CHLORINATION 


From 1932 to 1944 little was accomplished in mussel mitiga- 
tion, and the tunnel cleaning continued once each year. The 
season for cleaning was changed from spring to fall, however, 
and fall cleaning proved much more satisfactory than spring 
cleaning, that is, the tunnel was cleaned after the fall spawning 
season, say, in October, consequently eliminating a large propor- 
tion, by volume at least, of the mussels by not permitting them 
to remain in the tunnel and develop during the winter months. 
The majority of musseis then to be removed, consisting primarily 
of the current summer’s breeding, were much smaller in size. 

These last 10 years or so the clamming btsiness was becoming 
tiresome, especially without a market for the product but, with 
renewed hope from several -biologists, another vigorous attack 
was begun on the investigation and control of marine growth. 

In June, 1945, thorough study for the elimination of marine 
growth, Mytilus especially, was resumed. All phases of the in- 
take-tunnel conditions and condenser operations, all tests, and 
previous experiments were reviewed and analyzed. Several of 
the previous experiments were found inconclusive in the light of 
development and research through the intervening years, and a 
new tentative program finally was agreed on. Chlorination was 
decided upon as the weapon, and the greatest problem was the 
cycle of operation; intermittent chlorination with high residual, 
or continuous chlorination with much less residual. The burden 
of opinion from our consultants was in favor of intermittent 
chlorination. Accordingly it was decided again to try chlorine 
with intermittent injection. The installation of needed equip- 
ment was completed in November, 1945. 

Foutinc Test PaNets 

About this same time an investigation was undertaken to 
secure information on the current natural rate of marine fouling 
by the aid of a series of test panel boards, each 6 in. X 12 in. and 
'/s in. thick of black plastic composition, five of which were con- 
tinuously active. The test panels were submerged within 3 ft 
of the bottom of the forebay and 5 ft in front of the intake tunnel 
at the rear of the screen house. Four of the test panels in use 
were given numerical identifications and the fifth serving as a 
control was designated X. 

After the submersion of the test panels for 1 week, one of the 
numbered panels and the X control were removed and immedi- 
ately wrapped with care in paper towels and sent to the biological 
laboratory .for analysis. This was done on Monday of each 
succeeding week. A data sheet accompanying the panels listed 
tidal condition, sea-water temperature, and location from which 
the test panels were removed. After the first month, each num- 
bered test panel should give a sample representative of potential 
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fouling development in the previous 4 weeks for comparison with 
the latest single week’s record of the X-control panel. 

Later in 1946 a test station was added about mid-length of the 
tunnel, directly in the flow of the chlorinated sea water to indicate 
the chlorination results. Test panels of different types of ma- 
terial including clear lucite and reinforced cement were tried, and 
Plexiglas supporting rods in place of flexible supporting cables. 
Widely varying results obtained from these panels led to the con- 
clusion that they were not giving dependable indication of tunnel- 
fouling conditions. 


CHLORINATION ResuMED 


On November 3, 1945, the intake tunnel had been thoroughly 
cleaned. Chlorination on hand contro] was started November 
4, 1945. Under this first schedule, from November, 1945, to 
April 3, 1946, chlorine was injected 1 hr, twice daily at 0.2 ppm 
residual. On April 3, 1946, time-clock automatic control was 
installed, and the chlorine-injection cycle was changed to 30 
min each 8 hr with residual at 1 ppm. After 1 month of opera- 
tion on this program, it was decided to increase the residual 
to 2 ppm and this was continued until about October 1, 1946. 

On October 24, 1946, with approximately 1 year of experience 
with chlorination, the tunnel was inspected by a referee com- 
mittee and subsequently cleaned. As compared with previous 
years, approximately as many mussels in number were found, 
but the average size was considerably smaller. The belief of 
all present was that, while chlorine had been instrumental] in 
limiting the growth, it apparently had in no way affected the 
number present and adherence of the mussel¢ to the walls of the 
tannel. Tubularia and Metridia, on the other hand, had de- 
creased materially. 

Definite information was not available on how long a mussel 
can exist with the shell completely closed, without oxygen. 
Our biological consultants expressed belief that such a condition 
might prevail for many hours, and recommended longer periods 
of chlorination at lower residuals. This raised the question 
that if the length of the chlorine-injection period was increased 
sufficiently, what was the minimum residual concentration at 
which mussels could be killed. 

From operating experiences and indecisions, the committee 
again conferred to determine whether or not sufficient improve- 
ment had been gained to warrant further experimental work and 
retention of the chlorinating equipment. From this conference 
the following was agreed: 


1 Chlorination had brought no adverse results on condenser 
tubes, water boxes, or pump impellers. 

2 Tubularia and Metridia had been practically eliminated 
from the tunnel, screen well, and suction chambers. 


Even though the mussels were as numerous, they were smaller 
in size and apparently not so firmly attached to the surfaces. 
The chiorine plant had operated efficiently and satisfactorily. 
Thus, weighing the results, decision was reached to continue for 
another 12-month period. It seemed beyond doubt that by so 
doing operations would be improved, and the economics would 
justify chlorination, as materially better vacuum was then being 
secured owing to cleaner condenser tubes and less fouling of con- 
densers. 

Pitor TUNNEL 

During the winter of 1946-1947 further efforts were made to 
determine the seasonal changes which should be made in the 
chlorination schedules to compensate for changes in water tem- 
perature and spawning season. System-load conditions pre- 
vented frequent inspections of the main tunnel. This, together 
with the misleading indications given by test panels, prompted 
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the construction of a miniature tunnel which would allow as fre- 
The pilot tunnel, which is shown — 
in Fig. 2, is an exact reproduction of the main tunnel constructed 
ona scale of 1 to 7. 


quent inspections as desired. 


Overflow ports of identical shape and propor- 
tions simulate entrances to the suction chambers of the various 
machines in the main tunnel. Water from the forebay is pumped 
through the pilot tunnel continuously, and chlorine is diffused 
at the gamfe proportionate rate as used in the intake tunnel. In 
other words, chlorinating programs for the main and pilot tunnels 
are*identical. Removable covers were installed at the top and 
end of the pilot tunnel, providing for intermittent inspection of | 
inner surfaces of the tunnel. : 

In June, 1947, water was fed initially through the pilot tunnel 


definite ideas relative to chlorination cycles and residuals became 
possible. In the section of the tunnel nearest the intake, which 
was designed to operate without chlorine injection, mass dis- 
velocities, much as observed in the intake wells of the main tunnel. 
When chlorination was started in the pilot tunnel there had 
accumulated in’ the wooden discharge trough a considerable 
growth of sea moss and marine organisms which disappeared 


within a few days after chlorination. 
PLANKTON Net 

Coincident with operation of the pilot tunnel, an attempt was _ 
made to employ the Plankton net for trapping live organisms, 
the trapping equipment used consisting essentially of a closely” 
woven silk sleeve of conical shape with a 6-in. opening at the. 
entrance and a 1'/;-in. opening at the other end to which a sam- 
pling bottle is attached. Results were unsatisfactory even with 
the aid of a metal frame and rudder to hold the net submerged 
and parallel to the water flow. Very few mussels were trapped, 
although more numerously present as evidenced by infection of 
the pilot tunnel 20 ft away. No doubt the difficulty was due to 
the low velocity of flow in the forebay’as such equipment has been 
effectively used at higher velocities. 

THERMAL TREATMEN' 


Early in 1947 consideration was given to temperature treat- 
ment by steam or hot water for mussel elimination. The con- 
_ clusion reached was that the procedure could be made effective 


Pitot Tunnev at Intake 


and, from its subsequent inspections, establishment of a. ' 


tribution of the mussels was obvjously in inverse relation to local 


\ TUNNE 


and, in some instanges, possibly economical but, with the single 
main intake tunnel and the system demands, it was impractical 
for Lynn Station. Corsequently the idea was abandoned. 


INTERMITTENT CHLORINATION CONTINUED 


On June 8 and on July 20, 1947, the main tunnel again was 
inspected by the referee committee and in comparison with in- 
spections of October and November, 1946, a considerable area of 
concrete surface was visible, and the smail clusters of mussels 
were scattered as shown in Fig. 3, taken on July 20, 1947. This 
was encouraging, as the previous inspections in the fall of 1946 
showed continuous blanket formations from 2 in. to 4 in. thick | 
on the walls as shown in Fig. 4 taken November 16, 1946. For 
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NOVEMBER 16, 1946 


(Courtesy of Woods Hole Oceanographic Institution.) 


future inspection comparisons, all metal and tunnel surfaces 
were zoned and their observed conditions recorded. 
Questions raised from this 1947 inspection were as follows: 


1 Why are certain areas free from mussels and other areas’ 


infested in such varying degrees? 

2 Were chlorine diffusion nozzles designed properly to pre- 
vent streamlining of chlorine? c 

3 Due to irregularity in surface areas in concrete, did “‘water 
slip” lower chlorine concentration on the wall surface? 

4 Are the survivors the “supermen”’ of the mussel family or 
is our chlorine program improperly designed? 


These questions among others have been studied by H. EF. 
White.* 

Continuing the tests and tunnel examinations during the 
summer months of 1947, it was naturally gratifying when the 
November cleaning produced only 16 tons, compared with 107 
dons in 1946, and 331 tons during 1945, as shown in Fig. 5. 
However, complete control: was the goal sought, and anything 
short was not considered satisfactory; consequentl¥, chlorination 
was continued during the winter of 1947-1948, on the basis of 
30 min each 8 hr at 0.75 ppm residual. 

November, 1947, being the second anniversary of the chlorine 
equipment, the question of its continued use had again been con- 
sidered. Favorable factors included progress in mussel control, 
no further signs of corrosion-erosion of condenser and related 
equipment, reduced maintenance costs for condenser fouling, 
and cost for chlorine consumption had not exceeded the estimate, 
The single unfavorable factor was lack of full mussel control. 
The decision again was favorable for retaining the chlorination 
equipment 


*“Control of Marine Fouling in Sea-Water Conduits Including 
Exploratory Tests on Killing Shelled Mussels,” by H. E. White, 
published in this issue of the Transactions, pp. 117 126. 
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On April 25, 1948, tunnel conditions were found about com- 
parable with November, 1947, after cleaning. The few mussels 
present were small, ranging in size from | to 5 mm at approxi- 
mately 2 to 5 per sq ft of area, even though chlorine injections 
were only three 20-min periods each 24 hr at 0.75 ppm residuals. 
On the other hand, elimination of mussels was not complete. 
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Decision was in favor of continuous chlorination at ‘l ppm re- 
sidual which was at once put into effect. + 


. CONTINUOUS CHLORINATION 


On June 27, 1948, after tunnel inspection which showed favora- 
ble results, a program of continuous chlorination at 0.5 ppm 
residual was set for the balance of the 1948 recognized propagating - 
season, or until water temperatures dropped to 40 F, unless 
future inspections of the pilot tunnel indicated the necessity for 
change. Immediately after the inspection, new dual diffusion 
pipes were installed in one screen well at the tunnel intake, and_ 
apparently they are a decided improvement over the single 
diffuser. 

The main tunnel was opened approximately each 6 weeks for | 
the balance of the season, and results continued satisfactory. As 
shown in Fig. 6, the last seasonal inspection was made on Octo- 
ber 17, 1948. All of the referee committee present agreed that a 


Fic. 6 East Wart or Intake Tunnet Near OcToper * 
17, 1948, SHowine Bare Concrete APTER FULL SEASON OF OPERA- 
TION 
decided improvement existed. Mussels where‘ present were, 
in general, widely scattered, many wall areas completely void of 
any mariné growth, mussels present were of miniature dimensions 
—some very small yet with completely formed shell. Attach- 
ment to the walls was rather weak with, it seemed, fewer byssus 
threads, while on the floor almost all the mussels were dead. 
From visual summation it was estimated, if the tunnel was 
thoroughly cleaned, the maximum in weight of all types of marine 
growth and silt would not exceed 2 tons, largely concentrated in 
the relatively less active north end of the tunnel where chlorina- 
tion had not been continuous. Because of this small extent of the 
fouling, we decided not to clean the tunnel. 

The view of the tunnel interior given in Fig. 6 is representative 
of the east side wall in the continuously active zone, photo- 
graphed October 17, 1948. The man is standing in 3 to 4 in. 
of water about 20 ft from the inlet end of the 7-ft-square section 
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of the tunnel. Grouping of large’ mussels is visible only near the 
base of the wall. The remainder of the wall and roof in this 
vicinity is devoid of any fouling. 


Fig. 8 


CLose-Up or East Watt, Mip-Lenora or Intake TUNNEL, 
OcToBER 17, 1948 
(Black and white scgle divisions approximately 1 in:) 


CLose-Up or West Watt, Mip-Lenoru or INTAKE TYNNEL, 
OcToBER 17, 1948 
(Black and white scale divisions approximately 1 in.) 
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Figs. 7 and 8 show at close range views typical of the general 
area of the east and west walls, respectively, about 110-120 ft 
further from the inlet end of the tunnel where mussels were 
found in numbers of | and 11 per sq ft. Chlorine effectiveness 
observed in the main tunnel was reproduced closely in the pilot 
tunnel where walls in contact with chlorinated water were almost 


Fic. 9 Ciose-Up or Matrep Mussers Insipe Pitor TUNNEL— 
NATURAL CONDITIONS AHEAD OF CHLORINE INJECTION, OcTOBER 20, 
1948, Arter ONE Fouine SEASON 


Fig. 10 BEYON 
RINE INJECTION, OcToBER 20, 1948, Arrer One SEASON 
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completely free from fouling attachment. Contrast of areas 
respectively ahead of and following the point of chlorine intro- 
duction in the pilot tunnel is rather strikingly brought out in 
Figs. 9 and 10, views of the interior taken on October 20, 1948. 


SUGGESTIONS 
From the experience at Lynn Electric Generating Station the — 
following suggestions are offered to those who have or are antici- 


pating marine-growth control in forebays, tunnels, suction pipes, 
or other aquatic structures: 


1 Acquire thorough familiarity to the last detail on items — 
such as water analysis and water temperatures, especially during 
seasonal changes. 

2 Determine as accurately as possible the hydraulie condi- 
tions and variants, including velocities in the structures in ques- 
tion, 

3 Determine as accurately as possible the metallography of «il 
equipment in the plant through which this water will pass. 

4 Study as accurately as possible the amount of expenditure 
created directly by marine fouling in the plant equipment. 
There is now sufficient information available which at least will 
In turn, this 
should establish wherein the economies of the problem lies. | 


give a fair indication of the cost of elimination. 


5 Do not be impatient. Remember that the price of success 
is eternal vigilance, and problems not too readily solved are 
always to be expected. 


CONCLUSIONS 

In conclusion, the following are believed factual to at least the 
present degree of success attained at the Lynn plant: 


1 Chlorine to the extent and magnitude of actual usage has— 
not caused deterioration of condenser tubes, water boxes, pump 
impellers, or associated equipment although condenser tubes are — 
of various alléys and makes. 

2 Even in the days when suceess of marine-growth elimina- . 
tion by chlorine seemed doubtful, benefits were realized due to 
elimination of slime film on condenser tubes, which resulted in 
better vacuum and saving in the coal pile. 

3 As the trial programs have progressed there have been 
direct and appreciable savings in labor for condenser cleaning, 
readily evaluated. 

4 For the year 1948, what can be safely termed operating 
savings, which consist of avoiding the intake-tunnel cleaning, 
fewer condenser outages and cleanings, higher vacuum with a 
resultant reduction in coal usage, have been summarized, giving 
estimated gross operating savings of $20,000. Deducting from 
this the gross operating cost of the chlorine plant, the direct 
cost for chlorine purchases, interest, taxes, and depreciation on the 
chlorine plant, the estimated net saving for the year is about 
$12,000. It will be noted this estimate has been made on a 
conservative basis, applying only the recognized and tangible 
savings, and not including other variables which might be in-— 
cluded by thorough analysis. 

The author wishes to express his appreciation to Br. William F. 
Clapp, his assistant Mr. Peter Richards, Dr. Louis W. Hutchins 
of Woods Hole Oceanographic Institution, Messrs. R. B. Martin 
and 8. H. Newland of Wallace & Tiernan, and Messrs, E. B. Pow- 
ell and H. E. White of Stone & Webster Engineering Corporation. — 


Without their able assistance and determination we could not — 
have succeeded to the present degree of mussel and marine- — ~ 


~ 


fouling control. While we shall continue to strive for per- — ~ 


fection, even though we fall short, we feel assured that satis- — 
factory operations can be continued and with a reasonable 
degree of economic success. 
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-Control of Marine Fouling in Sea-Water 


= 


Exploratory Tests 


Conduits Including 


Killing Shelled Mussels 


By H. E. 


Hundreds of tons of mussels may accumulate in the cir- 
culating-water tunnels of a large seaboard power station 
in a single season. 
determined for meeting this problem by complete exter- 
mination of fully shelled mussels by chemical treatment, 
moderate temperature elevation, or combination of both. 
General results have broad application. Exploratory tests 
have demonstrated great practical influence of very moder- 
ate changes in temperature of the sea water in extermi- 
nation of mussels. 
the required consumption of chlorine, which has been the 
usual killing agent. For plants with suitable arrange- 
ments and load conditions, it appears practical to achieve 
positive control of marine fouling in tunnels without 
chlorine or other chemicals by periodic increase of sea- 
water temperature to not more than 95 F for northeast 
coastal plants. 
as observed in the exploratory tests are summarized by 
charts. 


Explicit practical procedures have been 


Any elevation of temperature reduces 


Numerical results of various treatments 


Conpitions Wuicu Lep To Prosgec: 


ARINE fouling develops at such a rate at some coastal 
N | sites that it can become a major factor in design of the 
circulating-water system of a steam-electric power sta- 
In the absence of suitable control treatment, hundreds of 
tons of mussels may accumulite in the tunnel system of a large 
power station in a single season. Similar conditions arise in con- 
nection with sea-water systems of industrial plants. Even where 
some degree of control has been employed, accumulations of mus- 
sels have reached serious proportions. In some cases complete 
plant shutdowns have been required periodically for scraping and 
digging out mussels by hand labor. 

With high plant investment and heavy demands for output and 
continuity of power‘supply, shutdowns for cleaning tunnels be- 
come increasingly objectionable. Continuous 100 per cent clean- 
liness of tunnels is desired in some plants to avoid periodic clean- 
ing, though the normal intervals between cleanings may be sev- 
eral years. This view is prominent particularly (1) where tun- 
nels are long, (2) where access is difficult, and (3) where labor 
conditions are unfavorable. 


tion 


* OBJECTIVES OF STUDIES 
rhe objectives of the present project were to determine, if feasi- 
ble, a practical procedure for control of marine fouling which 
would give full assurance of 100 per cent extermination at will, un- 
der severe conditions with minimum chlorine consumption, and 


! Mechanical Engineer, Stone & Webster Engineering Corporation. 
Mem. ASME. 

Contributed by the Power Division and presented at the Spring 
Meeting, New London, Conn., May 2-4, 1949, and at the Semi-An- 
nual Meeting, San Francisco,Calif., June 27-30, 1949, of Tue Amerr- 
CAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 


the Society. Paper No. 49—S-12. 
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also, to determine the limitations of control treatments. Diver- 
gent opinion on questions of detail left no alternative but to make 
detailed observations. The specific objective, therefore, was to 
determine practical procedures which would give positive control 
of marine fouling based on more specific quantitative observa- 
tions of actual results of treatments than had been available. 
Score or INVESTIGATION 

This paper relates particularly to control of marine fouling 
where sea water is used for cooling purposes. The primary em- 
phasis is placed on extermination of shelled mussels because, as 
discussed later, these mussels are commonly the most troublesome 
element of fouling in circulating-water tunnels of power stations 
along the East Coast. Somewhat similar conditions are found on 
the West Coast. Results were needed as soon as possible; hence, 
although refined methods of tests were laid out, lack of time pre- 
vented adoption of most of these in the exploratory tests. The 
test procedures adopted are believed, nevertheless, to be adequate 
for the immediate engineering purposes. 


OBSERVATIONS IN OPERATING PLANTS 

In order to take full advantage of existing experience, personal 
inspections were made of circulating-water systems of power sta- 
tions on the East Coast where fouling control treatments were in 
use, and results appeared reasonably satisfactory. Chlorination 
exclusively had been used at these stations. Continuous chlorina- 
tion had been used in a few stations, but all tunnels which were 
available for internal inspection had been treated by inter- 
mittent chlorination. 

While treatment had brought great improvement in all cases 
examined, nevertheless, in the tunnels which could be inspected 
visually, shelled mussels were found in various quantities regard- 
less of the treatment, even where control treatment was applied 
conscientiously. In vases, mussels reached 1'/2 in, in 
length. At a southern plant which had reported most successful 
control of mussels, it developed that the so-called ‘“‘mussel’’ was 
an entirely different organism, which was much less resistant to 
killing treatments. 

Fouling growths were removed by periodic manual cleaning. 
At one of the stations, fouling in the cireulating-water tunnel had 
become so objectionable to the men who were to clean it that se- 
rious labor trouble was barely averted. 

Various contingencies were found to occur which would permit 
mussels to enter and make attachment within the tunnels, for 
example: 


some 


Commercial shortage of chlorine temporarily interrupting 
chlorination. 

Mechanical damage to chlorination equipment or piping, due to 
accident or unusual conditions such as a hurricane. 

Deterioration of screens at the inlet of the circulating-water 
system from corrosion. 

Wear of traveling-sereen chains, resulting in sufficiently large 
openings between panels to permit passage of shelled mussels. 


In all tunnels inspected, mussels were observed to attach in 
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greater numbers in corners between side walls and floor and roof, 
and in corners following a sudden enlargement of the cross section 
of the waterway. Any crevices or cracks in the flat surfaces af- 
forded anchorage for mussels even where neighboring smooth sur- 
faces of the wall were entirely free of mussels. 

{n the course of the investigation special equipment and tech- 
nique were developed for sampling the sea water at a roof corner 
of the straight run of a main tunnel during normal commercial 
operation, in order to determine the reason for accumulation of 
mussels in corners. Prompt determination of residual chlorine 
showed full concentration at this location, even with intermittent 
chlorination, whenever chlorine was being fed. This suggested 
that the conformation of walls at the corners was more favorable 
for secure attachment of the mussels. 

Another observation which seems of general application was 
that mussels occur in various arrangements: (1) In the absence 
of control treatment, all mussels are closely spaced. (2) If dif- 
fusion of chlorine is not uniform, localized accumulations occur. 
(3) Where control is partially effective, arrangements of mussels 
on the walls, generally develop in the following sequence after 
cleaning: initially, as individual scattered mussels; then, small 
groups; later, larger clusters; and, finally, continuous mats 
of mussels. Continuous mats of mussels may grow to a thick- 
ness of about 6 in. before tearing away from the wall and fall- 
ing t> the floor. The process is repeated and more fall to the 
floor. There they may form a stationary obstruction to the 
flowing water until removed manually. 

Adhesion of clusters of mussels to the walls, in one instance, 
was found so strong that it was barely possible to pull them off 
with the fingers without use of metal scrapers. Under such con- 
ditions it seemed improbable that a brief application of any water 
velocity commonly used in a power-station tunnel would detach 
the mussels. The individual threads secreted by the mussels for 
attachment are comparatively strong, but the effective strength 
of the attachment of a cluster results from the great number of 
interconnected threads used by the group. 

In most stations the object of fouling-control treatment was to 
kill the mussels when very young and most vulnerable, before 
they had developed shells. Tremendous numbers of these tiny 
young mussels, only a few hundredths of an inch in length, enter 
through the meshes of the usual screens during the summer sea- 
son. Small shelled mussels would pass readily through the 
screens also. With the usual intermittent chlorination, attach- 
ment could be made between treatments. 

Although the usual methods for fouling control resulted in great 
improvement, it was not apparent that any treatment in use in 
the stations where intake tunnels were inspected, could be relied 
upon to kill mussels with fully developed shells. Methods which 
appeared reasonably satisfactory at one site appeared inadequate 
when applied under other conditions. 

From the observations of the survey it was concluded that 
where 100 per cent cleanliness is required under the ordinary con- 
ditions of practical operation, methods of control must be used 
which would kill shelled mussels and provide satisfactorily for 
their removal from the system. 


GENERAL TEst PROGRAM 


As correlation of field observations was not clear, it appeared 
that possibly some factors had not been evaluated fully. Uncer- 
tainties in attempting to apply results of the plant inspections to 
conditions at new sites, where full reliability and 100 per cent kill- 
ing were desired, seemed to necessitate more detailed observations 
to answer conclusively immediate and essential questions. Tests 
on full-size circulating-water systems were of course desirable but 
were impractical at the time, not only frorn the viewpoint of at- 
tendance and expense involved, but also because the extensive 


trial of new methods in commercial plants involved risk of more 
frequent shutdowns for cleaning. Therefore the possibility of 
testing at a small scale was reviewed. 

The potential difficulties of reproducing natural conditions for 
maintaining mussels on a laboratory scale were recognized fully. 
However, to proceed effectively with the development of fouling- 
control treatment, it was essential that it be based upon the char- 
acteristics and protective measures of the individual mussel. 
These could be observed much more accurately in small-scale 
tests, if natural conditions could be simulated sufficiently well. . 

Uncertainty may arise in making observations in full-size cir- 
culating-water tunnels of power stations because small mussels 
may enter through the meshes of the screen, so that the time dur- 
ing which a given group of mussels has been subjected to treat- 
ment is uncertain. With intermittent treatment, mussels may 
move considerable distances along the interior walls of the tunnel 
during the intervals between inspections. Therefore, when the 
number of mussels in a particular zone changes, generally it is not 
known whether some have been killed, whether mussels have 
merely changed location, or whether some have been replaced by 
new mussels which have recently arrived. In small-scale tests, on 
the other hand, a fixed number of mussels can be kept isolated in 
separate receptacles and the period of treatment given each mus- 
sel may be determined definitely. 

With small-scale tests, radical changes in control methods may 
be tried, because there is no need to proceed cautiously, as might 
be expedient in commercial stations. Hence, at least approxi- 
mate results should be expected more quickly. 

It had been concluded from inspection of plants in actual opera- 
tion that the most resistant fouling organisms in circulating-water 
systems along the East Coast were the common mussel? and the 
barnacle.? Also, these appeared to be important elsewhere. At 


stations where these organisms had been brought. under control by 


chlorination, other forms of fouling became insignificant. Bar- 
nacles commonly do not grow to great thickness and hence, are 
not a direct source of difficulty in large tunnels. Therefore, study 
was concentrated on the common mussel. : 

Since no other quick approach to the general problem was im- 
mediately available, small-scale tests were attempted. The first 
step was to develop suitable procedure and then to determine its 
feasibility. When this had been demonstrated, tests of killing 
treatments were started. The project was continued except for 
minor interruptions for some 2 years, 24 hr per day. Several 
tests ordinarily were in progress simultaneously. Thus at dif- 
ferent times, hundreds of mussels have been observed, not a8 
masses of fouling, but as individuals, twice a day, often many 
more times, until dead. 


INITIAL Tests ON FEASIBILITY OF SMALL-SCALE TESTS 


Maintenance of the mussels under reasonably normal condi- 
tions proved more successful in the small-scale tests than antici- 
pated.* Undoubtedly, further observations will dictate mcdifica- 
tion of details, but results have seemed reasonably consistent, In 
general, the mussels under test behaved similar to those in the 
tunnels. With minor exceptions, the specimens remained in 
groups and clusters as normally. The results in one test tray are 
shown by photographs.‘ Fig. 1 shows the initial arrangement of 
the clusters maintained 2'/, weeks after starting. Clusters had 
been formed and secure attachment made within one day of 
starting. Fig. 2 shows the conditions 6 weeks after placing the 
first specimens in the tray. No deaths had occurred. The final 
locations of the clusters are practically identical with the original, 
although the individual specimens had moved within the clus- 

? Identified technically as Mytilus edulis and Balanus, respectively. 

Detail procedure described in Appendix. 

‘ Photographs were taken after removing water from the trays. 
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WHITE—CONTROL OF MARINE FOULING IN SEA-WATER CONDUITS 


Fig. Live Mussecs in Test Tray Arrer Weeks 
ters and even transferred from one to another. Two specimens 
wandered away and started to climb the side wall, but did not 
continue to the water line as customarily occurs when the condi- 
tion of the water is unsatisfactory to the mussels. Attachment of 
the mussels was still firm after 6 weeks. 

To illustrate the strength of attachment of the mussels, the en- 
tire tray was lifted by grasping the central cluster of mussels by 
the fingers. The weight lifted was 2'/, lb which was considered 
satisfactory for mussels of this size when maintained by batch re- 
placement of the sea water. The specimens maintained mantles*® 
well extended throughout the 
“pumped’’' for continuous periods of several hours, although con- 
tinuous flow of sea water in the tray had been used only for a few 
hours initially. Afterward the sea water in the tray was replaced 
only twice each 24 hr. The mussels remained alive for many days 
after the test was discontinued and no further replacement of 
water made. In another test the water had been taken from the 
ocean up to 4 days before use and, in general, was replaced only at 
average intervals of 1.3 days. With this adverse treatment only 
2 mussels of the original 46 had died at the end of 12 weeks. 


test 


These preliminary tests were made at water temperatures of 
approximately 50 to 60 F. While this temperature range was 
favorable to longevity, subsequent tests at summer temperatures 
gave similar results. Although the preliminary trials showed that 
batch changes of sea water twice a day were adequate for the usual 
tests with I-gal trays, containing approximately 50 mussels 
ranging in length from '/s to 1'/, in., flowing sea water was used 

5 Mantles are fringed membranes between shells through which sea 
water is received. 

* The mussel pumps sea water through his system to obtain food 
and oxygen. 


period and customarily 


Mussevs in Test Tray Art EEKS 

as preferable for tests at the higher temperatures. It was con- 
cluded, therefore, that with simple precautions the common mus- 
sel could be maintained indoors in sea water satisfactorily to per- 


mit direct comparison of different control treatments. 
Contro. Tests 

Assurance of reasonably comparable results was obtained dur- 
ing the tests of killing treatments by maintaining simultaneously 
a segregated portion of the mussels of each batch in natural sea 
water, but otherwise under conditions as nearly similar to those of 
the test as feasible. Use of such control specimens is a custom- 
ary procedure in zoological tests. 

In the majority of tests no deaths whatever occurred among the 
untreated specimens. No more than one died from any group of 
20 to 50 specimens used for individual tests. The few deaths 
among control specimens occurred within 1 or 2 days after 
removal from their natural habitat. No control specimen was 
host at any later stage. Hence, the few random deaths of con- 
trol specimens were not associated with the test manipulation 
but, rather, were considered the result of earlier natural con- 
ditions. The total number lost by deaths under control condi- 
tions were so few as to be negligible in comparison with the num- 
ber killed by the treatment and thus have no significant effect on 
the conclusions. 

PRELIMINARY TesTs OF Musstu-Con rROL TREATMENTS 

In preliminary tests early in 1947, it was observed that it took 
more than 6 weeks to kill shelled mussels by continuous chlorina- 
tion when the sea-water temperature was 50 F, in comparison with 
about 1 week at 71 F, as reported by Dobson.’ This markedly 


7™*The Control of Fouling Organisms in Fresh- and Salt-Water 
Circuits,’ by J. G. Dobson, Trans. ASME, vol. 68, 1946, pp. 247-265 
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longer killing time at the lower temperature drew attention 
abruptly to the great significance of moderate temperature 
changes in the atmospheric range. As early as June, 1947, a pre- 
liminary test indicated that at about 83 F, although complete 
killing occurred sooner with chlorination than without chlorina- 
tion, the difference was scarcely noticeable. In another early test 
at the same period, it was found that at about 93 F, killing was only 
a matter of a day or two without any chlorine whatever. This 
led to further investigation of temperature effect. 


ImportTaNT Errect or TEMPERATURE OF WATER DuRING 
CHLORINATION 

. Quantitative results on the effect of temperature of the sea 
water during chlorination are summarized in Table 1 and pre- 
sented graphically in Fig. 3, showing the observed effect of various 
water temperatures on the rate at which shelled mussels are killed 
by continuous chlorination. The result of a test reported by 
Dobson’ at the single temperature of 71 F, approximately, for 
partial killing is shown for comparison and correlates satisfac- 
vorily. It will be noted that the time required for complete kill- 
ing at 85 F is only 3 days, whereas at 55 F, the required time is 
something over 33 days, more than 11 times as great. This brings 
sharply to attention the very long time required to kill mussels of 
the Northeast Coast at natural sea-water temperature in winter 
and early spring. 

All results obtained confirm the indication of the preliminary 


OF THE FEBRUARY, 1950 
tests that the temperature of the sea water during chlorination is" 
the most important factor controlling the time required to kill nor- 
mal shelled mussels. The deviation of results of individual tests 
from the curves suggests that other variable factors may be pres- 
ent, but subsequent tests to date indicate that they have far less 
effect than temperature of the water during the killing treatment. 

Fig. 4 shows the data of Fig. 3 on “semilogarithmic” plotting 
paper. A straight-line ‘‘curve’’ appears to represent the data 
reasonably well. This is convenient because, when making tests 
under other conditions, a few reliable test points near the ends of 


TABLE 1 EFFECT OF MODERATE TEMPERATURE CHANGE 
ON TIME FOR COMPLETE KILLING OF SHELLED MUSSELS BY 
CONTINUOUS CHLORINATION 
Time to 
kill entire 
group of mussels, 


Temperature 
of sea water 
during test, 


Number 
specimens 


Date of 
starting test 
Nov. 28, 1948 
June 12, 1948 


Notes 


Feb. 7, 1948 
Mar. 20, 1948 


@ Temperature was maintained continuously for time indicated as meas- 
ured after temperature of water in test tray exceeded 70 F 

+ Approximate. 

Generat Data: All mussels and sea water for the tests were collected 
at Lynn Harbor, Mass. Range of temperature: 31 F° to 70 F. . Typical 
length of mussels: '/s to 1'/¢in. 

Nores: 

(a) 

(b) 


Sea water in test tray replaced twice daily in batch for this test. 
Continuous flow of sea water for this test. 
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such a curve will establish a satisfactory basis for chlorination 
control. 

During the tests with flowing sea water at the higher tempera- 
tures residual chlorine concentrations were maintained at 3 to 0.3 
ppm. Hence at temperatures above 88 F the results closely ap- 
proximate those to be expected in commercial operation. In the 
tests at lower temperatures the sea water was changed by com- 
plete replacement twice aday. The initial concentration of resid- 
ual chlorine in these was high, but the chlorine was consumed 
progressively until restored with the next change of water. The 
average concentration was of the order of 10 to 15 ppm, and more 
at times. For these tests the resultant killing time probably is 
too low for the usual commercial concentrations, possibly by 20 
per cent.* 


Resuuts oF Tests By Moperate Heatina 


CHLORINATION 
Preliminary had indicated that at temperatures ap- 
proaching 90 F and higher there was very little difference in time 
required to kill shelled mussels, whether chlorine 
_ To study this further a series of tests 
chlorine whatever. 


tests 


was used or not, 
was conducted without any 
The tests with temperatures of 90 F and above 


* Rough estimate based on tests by Dobson at various concentra- 
trons at constant temperature. 


. inary conclusions that, at elevated sea-water temperature, chlo- 


* by continuous heat is approximately the same as when chlorine is 


were made with continuous change of sea water and water-bath | 
equipment.° 

Obviously, in the absence of chlorine, or other chemical treat- 
ment, no killing could be expected at temperatures of 70 F or less, 
as these temperatures would approach those of natural sea water. 
However, under the conditions of test, shelled mussels from Lynn 
Harbor were killed without any chlorine whatever, at a tempera- 
ture as low as 75 F, by maintaining that temperature continuously 
for a sufficient length of time. This proved to be more than 12 
weeks (test No. 7). Also, observed results confirmed the prelim- 


rination does not reduce the time to kill. 

The quantitative results of this series of killing tests without 
any chlorine or other chemical treatment are summarized in Ta- 
ble 2, presented graphically by the chart, Fig. 5, and plotted on 
semilogarithmic co-ordinate paper in Fig. 6. In this case a single 
straight line cannot be applied to the semilogarithmic relation of 
the data. An abrupt increase in time to kill East Coast mussels 
is apparent at temperatures slightly less than 85 F. 

It will be noted further that above 85 F the time required to kill 


used at these temperatures. os 
See Appendix for test equipment. 
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ONLY, ON TIME FOR COMPLETE KILLING OF SHELLED MUS. From these charts itis obvious that at a temperature of 80 F or 
SELS, NO CHEMICAL TREATMENT USED less the time required to kill was reduced greatly by chlorination _ 
Temperature Time to S as compared with no chlorination. At 70 F or lower, tempera-_ 
of sea water kill entire Number 
during test, group of mussels, of Date of ture alone will not give complete killing in any practical operating | 
br specimens starting test =~ Notes —_ eriod, and use of chlorination or other treatment is required, 
572 f June 9, 1948 Conditions at an existing station may determine the most ap-— 
red . propriate treatment or may preclude control of fouling by moder- 
- 5, As ate heating alone. In the latter case chemical treatment may be | 
NOV. ae . 
Feb, 20, 194! desired. In the case of new construction, a choice may be availa- 
ty - ‘ble in the design stage. Where provisions in construction per-— 
Mar. mit, moderate increase in temperature alone will give positive and 
complete killing in a predetermined period of 1 to 3 days with no — 
* Temperature was maintained continuously for time indicated as meas- 
ured after temperature of water in test tray exceeded 70 F. chlorine or other chemical treatment. - ' : 
. Gee mussel still alive and recovered subsequently. If adequate temperature can be maintained at little cost as, for 
Generat Dara: All mussels and sea water for the tests were collected at example, during light load periods at a power station, chemical 
Lynn Harbor, Mass. Range of temperature: 31 F to 70 F. Typical = ai 
treatment may offer little or no advantage for killing shelled mus- 
Nores: sels, 
(a) Sea water in test tray replaced twice daily in batch for this test. 
(b) Continuous flow of sea water for this test. 


r 


U CHANGE 
HE 
SE 


TrcHNICAL CONCLUSIONS 
COMPARISON OF CHLORINATION, THERMAL TREATMENT, AND The most troublesome form of marine fouling observed in 
COMBINATIONS stationary conduits was the common mussel. 
Fig. 7 shows direct comparison of killing time, for continuous For complete disposal of marine fouling, it is necessary under 
treatments with and without chlorine, for various water tem- usual conditions of commercial operation to kill mussels after 
peratures. Fig. 8 shows the same comparison with semilogarith- their shells are fully developed. 
mic co-ordinates, Under all conditions tested, a large proportion of the mussels 
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are killed within a fraction of the time required for killing all. 
This is significant because, in a power-station circulating-water 
tunnel, it is desirable, if mussels have accumulated, to remove 
them gradually so as to prevent clogging by sudden release and 
accumulation of uncontrolled masses of debris. . 

, The chlorine consumption required to kilk shelled mussels can 
be reduced greatly by increasing the temperature of the water 
moderately during chlorination. 

The time required to kill shelled mussels by chlorination de- 
pends primarily upor the temperature of the water in which they 
are submerged at the time of chlorination. This is a much more 
significant factor than the variations of the concentration of the 
residual chlorine within the usual commercial range. 

The most significant reduction in chlorine consumption by in- 
creasing the temperature of the sea water is obtained at the lower 
temperatures and for moderate temperature increases. 

Complete killing of shelled mussels may be accomplished by the 
application of moderate increase in temperature alone, with no 
chlorine or other chemical agent, if applied continuously for suf- 
ficient periods. 

There are logarithmic relationships between the time required 
for complete killing and temperature of sea water during killing 
treatments. 


The following conclusions on killing of shelled mussels from 
Lynn Harbor apply specifically at that location only. They are 
significant, however, because, generally, similar results may be ex- 
pected elsewhere, although at different temperature levels: 


By increasing temperature of the sea water from 60 F to 70 F, 
the time required and the chlorine consumption for killing shelled 
mussels by continuous chlorination are reduced approximately 50 
per cent. 

With sea-water temperatures raised to 80 F or less, heat alone is 
quite inefficient for killing shelled mussels, and the use of chlorina- 
tion or other treatment is indicated. 

With sea-water temperatures increased to 85 F, continuous 
chlorination does not reduce the tim for killing below that for 
continuous temperature without chemical treatment. 

When the sea-water temperature is approximately 50 F, the 
time required for complete killing of shelled mussels by continu- 
ous chlorination is about 2 months. 

The time required for complete killing of shelled mussels by 
temperature alone at 90 F was 80 per cent less than with chlorina- 
tion at 70 F. 


CONCLUSIONS ON TECHNIQUE OF SMALL-SCALE Test PRocEDURE 


It was demonstrated that with natural sea water at natural 
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temperatures, shelled mussels could be maintained in sea water in 
small receptacles indoors for many weeks in satisfactory condition 
for comparative tests of killing treatments if reasonable care was 
exercised in maintaining the natural condition of the sea water by 
replacing it periodically. 

Many useful observations can be made by small-scale tests if 
the results are considered on a comparative basis, and if a few 
simple precautions are observed under the guidance of a qualified 
consultant. This is particularly convenient when it is considered 
impractical to try changes in the existing method for control of 
fouling in a commercial power station under heavy demands for 
power, 

Because of the very large variation ii the time periods required 
to kill individual specimen mussels of a given lot under the same 
treatment, it is important to use a reasonably large number of 
specimens for a given test in order to determine even approxi- 
mately the time required to kill all the mussels under a given set of 
In general, a minimum of 50 specimens is suggested. 
In many tests it was observed that mussels showing the great- 


conditions. 
est resistance were those of small size, '/: in. long and less; hence 
these sizes should be included in each batch tested to assure de- 
termination of maximum killing time. 

It appears desirable to establish a suitable criterion with re- 
spect to the varying physical condition of a mussel, or more spe- 
cifically the resistance to killing. The time required to kill a rep- 
resentative group of 50 specimens by a standard procedure which 
would #pproximate a commercial control treatment has been used 
by the author. 


APPLICATION 


The small-seale tests have shown that mussels can be extermi- 
nated totally on various predetermined schedules of treatment. 

The results of the tests are considered adequate for application 
to routine control of marine fouling of the Northeast Coast if used 
with liberal factors of safety. Such factors are required in any 
case because of the considerable variations in the condition of the 
natural water from time to time and the variations in the condi- 
tion of the mussels at a given site. If, 
have been allowed to form in the tunnel, or other kinds of fouling 
must be removed first, it is expected that the time required for 
killing by continuous ¢ iileidee ation would be increased. 

The results of a selected treatment may vary greatly with only 
modérate changes in conditions. Also, different degrees of control 
may be desired for different plants because of economic, construc- 
In order to set up a suitable sched- 


however, mats of mussels 


tional, or operating conditions. 
ule of control treatment at a given plant, therefore, specifie quan- 
titative information is desirable. Hence, local tests at the site for 
each season are recommended. : 

If for any reason initial treatment in the plant should prove 
inadequate, it would be necessary only to increase the duration 
of the treatment or possibly to increase the water temperature 
gradually, within the limitation of permissible differential tem- 
perature stress where massive concrete structures are involved. 

The particular type of control for marine fouling to be selected 
as most appropriate for a given plant would depend on local con- 
ditions, including geographical location, fresh-water dilution, if 
present, industrial pollution, length of tunnel, access, operating 
conditions, station-load conditions, station design, and the like. 
This subject, however, is beyond the scope of the present paper. 

General results have broad application. Although tests were 
carried out primarily in connection with the protection of circulat- 
ing-water systems of power stations, corresponding problems of 
marine fouling may occur at any coastal plant where natural sea 
water is used, for example, in salt-water service pipe lines of in- 
dustrial plants and salt-water fire lines. Salt-wate® piping sys- 
tems aboard ships are not immune. 


FOULING IN SEA-WATE R CONDUITS 
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The general procedure developed in carrying out this series of 
tests was as follows: 
Mussels, as collected from their ocean-shore surroundings, 
were first retained in trays of natural sea water at moderate room 
temperature until they functioned in an approximately normal 
The time required to kill the 
During the 
winter, when specimens were taken from their natural habitat at 
temperatures between 31 F and 45 F, a period of gradual tempera- 
ture rise of the sea water in the test vessel was allowed before 
starting the killing test. 

For the tests at temperatures of 89 F and above, continuously 


Appendix 


Test PROCEDURE 


Inanner before tests were started. 
specimens by various treatments was then observed. 


flow ing sea water was used. For other tests it was an essential de- 
tail of the technique to renew the sea water in the test receptacles 
twice daily by emptying and replacing completely so that the 
water in every part of the test receptacle would be changed. 

Mussels for all tests reported were collected at the northeast end 
of Lynn Harbor on a rocky beach where rubble had been dumped. 
The harbor extends into an industrial area and has a typical range 
of tidal elevation of about 10 ft. Size of specimens varied from 
in. to 17/2 in, 

Sea water used throughout the tests was taken from the same 
location in the harbor except on a few occasions when there ap- 
peared to be some local contamination, At these times other 
zones in the same harbor were used. 

Sea water used for the control tests was collected from the 
same source and at the same time as that for the main tests. 

Temperature of the sea water in the test receptacles was ob- 
served by glass-stem chemical thermometers. 

Zonite was used as a convenient source of chlorine. 

Test Usep 

In the tests with water temperatures above 88 F, enameled 
trays of approximately 1 gal capacity were used with continu- 
ously flowing sea water. The arrangement of the equipment used 
for each test, however, was no more complex than that shown by 
More refinement was required 
At approximately 30 


preceding tests to be necessary. 
as the water 
deg F above room temperature it was necessary to minimize varia- 


tions in water temperature during the test, and also to prevent 


temperature Was increased. 
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control is recommended to re- 
duce the attendance and to im- 
prove precision. 
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In the earliest tests, it was 
apparent that the time required 
to kill shelled mussels by a given 
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range for the individual speci- 
mens of a single group in the 
same test tray and subjected to 
the same conditions. This is il- 
lustrated by the chart in Fig, 10 
which shows the rate at which 
All subsequent 
tests confirmed that individual 
mussels of a given group under 

~ test died in succession, suggest- . 
ing significant differences be- 
tween the resistance of indivi- 
dual mussels of a group, all of 

which had lived under the same . 
natural conditions. It was 
a ; shown, however, that if a consid- 
erable number of specimens 
were used for each test, the time 
required to kill the entire group 
: gave reasonable correlation of re- 
This led 


to the conclusion that the work 
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nonuniform distribution of temperature across the tray. The 
eqiipment adopted is shown in Fig. 9. Uniformity of tempera- 
ture in the test tray containing the mussels was promoted by the 
use of a second tray of heated water directly below, acting as a 
water bath. The temperature of the water bath was controlled 
by adjusting the elevation of the radiant electric heeting elements 
below the tray. Continuous replacement of the sea water was 
provided by a small jet supplied from overhead. It was found 
that the jet of incoming water was sufficient to maintain continual 
mixing of the water within the tray and thus assure uniform distri- 
bution of temperature throughout the test tray. The temperature 
of the sea water from the jet was raised to approximately that of 
the water in the test tray by first passing it through a tubular- 
type electric water heater of special design. The use of a small jet 
minimized the required capacity of the heater. 

Even with, a jet approximately 0.02 in. diam, mixing was en- 
tirely effective when the static head was only 2 ft, and, with a jet 
of this small size, it was possible to maintain the siphoning of sea 
water from the 5-gal bottles overhead for a period of several hours 
without refilling. No plugging of the small orifice occurred, as 
the large bottles permitted effective settling of suspended matter 
in the sea water. . 

The temperature of the water in the test tray has been shown to 
be a critical factor, and should be maintained nearly constant for a 
given test. Since manual adjustments required almost continual 
corrections at the higher temperatures, an automatic temperature 


DiaGRAM OF Test EQuipMENT 


should proceed on a statistical 
Because of the more con- 
sistent correlation of the ‘time 

to kill all mussels” of the vari-- 


basis. 


| | 
NOTES | 
CHLORINE CONCENTRATION TO 
(2) SYMBOL @ INDICATES NUMBER OF SPECIMENS 
(PER CENT) WITH SHELLS TIGHTLY CLOSED AT 
THE TIME INDICATED 
(3) TOTAL NUMBER OF SPECIMENS 24 


NUMBER REMAINING OPEN PER CENT. 
a AFTER TIME INDICATED 


NUMBER OF MUSSELS - PER CENT 
NUMBER OF MUSSELS -PER CENT 


R REMAINING 


AFTER TIME INDICATED. 


° s 10 's 20 25 30 35 
ELAPSED HOURS ABOVE 70 DEGREES FAHRENHE'T 


Fic. 10 Rate or Mussecs at Given TeMPERA- 


LL SPECIMENS 
DEAD, 


ous test groups, this measurement afforded a more, satisfactory 
means of showing the fundamentals involved; therefore the time 
to kill, as reported in Tables 1 and 2, is that required to kill all 
mussels of the particular gronp under test by continuous treat- 
ment until dead. 
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By W. L. CHADWICK,! 
The idea of controlling marine fouling by elevating the 
temperature of the sea water is not new, but it is felt that 
the application of this means of control in the cooling- 
water tunnels at the -- cently constructed Redondo Steam 
Station of the Southern California Edison Company at 
Redondo Beach, Calif., contains some features of interest. 
It is the object of this paper to describe the system em- 
ployed and to present the results obtained during the 


first year of operation. = 


DusiGn CONSIDERATIONS 


RIOR to designing the Redondo Station, it had been ob- 

served at the company’s Long Beach Station that, whereas 

heavy fouling growths occurred in the intake tunnels, no 
serious fouling growths occurred in the discharge tunnels, even 
though these had never been cleaned in the history of the plant. 
The only difference in the tunnels to which this freedom from 
growth could be attributed was the higher temperature of the 
water in the discharge lines. In designing the Redondo Station, 
it was decided to utilize this condition to the maximum extent 
practicable, and also to proyide facilities for chlorinating the 
water in’ the lines should treatment by higher temperatures not 
be fully successful. 

The Redondo Station is situated on a section of sea coast 
that is exposed to winter storms and resultant heavy wave ac- 
tion. Hence it was highly desirable to have no structure off- 
shore which would rise above the water and be subjected to pound- 
ing by large waves. Also, the beach at the plant site is one of 
the most popular in Southern California, and consequently no 
structures could be used that would interfere with the recrea- 
tional use of the beach by the public. 

These considerations precluded the use of a trestle or other 
structure to support chlorinator lines and a tower at the seaward 
end to house the chlorine apparatus, but led to the suggestion 
that two separate submerged lines be constructed out into the 
sea each of which could be used alternately as an intake or dis- 
charge, controlled by flow-reversing gates located on the shore 


end of the lines. 


THERMAL SENSITIVITY OF MARINE FouLING ANIMALS 


Biochemical control measures are commonly employed in 


combating marine fouling. These may involve the application 
' Manager, Engineering Department, Southern California Edison 
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? Consulting Engineer, Stone & Webster Engineering Corporation, 
Boston, Mass. Fellow ASME. 

* Professor of Marine Biochemistry, Scripps Institution of Oceanog- 
raphy. of the University of California, La Jolla, Calif. 
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of toxic paint surfaces to immersed structures such as ships’ 
hulls, or the introduction of chlorine, organic chlorides, or other 
poisonous solutes into the moving streams of an enclosed system. 

However, in an electric power-generating steam plant, utiliz- 
ing flowing ocean water for cooling its condensers, a rather unique 
opportunity is offered for an introduction of a biophysical con- 
trol feature, namely, heat. Two large tunnels at the Redondo 
plant of the Southern California Edison Company, each 10 ft ID, 
and extending for nearly 1900 ft into the open sea, are employed 
as intake and discharge channels, being alternated in these two 
functions at intervals of 2 to 4 weeks, depending upon the foul- 
ing season. Thus the periodic discharge of sea water through 
each tunnel at elevated temperatures has prevented the growth 
of fouling animals which have been observed in systems not ac- 
corded this treatment. 

Experiments at the Scripps Institution of Oceanography 
reveal the fact that numerous sedentary marine invertebrate 
animals possess relatively sharp temperature-tolerance thresh- 
olds. -Sedentary marine algae investigated 
here, since they fail to colonize dark environments, and hence 
do not constitute a part of the fouling communities therein. 
Mussels, barnacles, sponges, tunicates, bryozoa, tube-worms, 
and anemones constitute the chief sources of trouble. In the 
Redondo and San Diego areas, the common mussel, Mytilus 
edulis, is the most prevalent member of fouling communities in 
sea-water tunnels. Barnacles, sponges, tunicates are 
secondary foulers, while the large California Mytilus 
californianus, is an occasional invader at localities employing 
water from the open sea as distinguished from bays and estuaries 
which support only the other species, Mytilus edulis. 

It has been found that the bay mussel, Mytilus edulis, is more 
resistant to exposures in warmed sea water than are Mytilus 
californianus, the barnacles Balanus tintinnabulum, Balanus 
glandula, the anemone Cribrina ranthogrammica, and other forms. 
Mytilus edulis is exceeded in this respect only by the small ribbed 
mussel, Septifer bifurcatus, but the latter species is so smal] and 
relatively sparse in numbers it does not constitute a serious threat 

In order to define working conditions which should hold prom- 
ise for the practical thermal control of fouling, we therefore 
selected Mytilus edulis as representative of the most populous 
and relatively resistant fouling organisms common to these 
waters. Groups of young individuals (about 5-10 mm long, 
some 3-4 weeks old) were separated carefully and immersed in 
sea water at closely controlled temperatures for designated 
lengths of time. At the end of éach experimental period, the 
animals were returned to running sea water and observed for 


have not been 


and 
mussel, 


possible survival. Survivors soon part their shells moderately, 
filter currents of sea water through their siphons, and attach 
themselves to solid surfaces by spinning the tough threads of 
adhesive byssus in the. normal Thermal casualties 
part their shells in a gaping fashion, die, and undergo decom- 
position of the flesh. 

The following data have been collected relative to young 
specimens of Mytilus edulis: ye Les 
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TRANSACTIONS 


Thermal death time, hr 
0.33 (20 min) 

13 

41 

96 

Survive indefinitely 


A graph of the foregoing data yields a smooth exponential 
curve. It is believed that swimming or freshly settled mussel 
larvae, being without shells, metabolically active and relatively 
more sensitive to unfavorable environmental factors, doubtless 
succumb more readily than do the young individuals which have 
formed their shells and undergone growth. Thus plant. prac- 
tice, guided by the foregoing data in the Southern California 
area, provides a generous margin of safety, especially provided 
that (1) at the height of the marine reproductive season (i.e., 
from early spring to late fall), water flow is alternated suf- 
ficiently frequently (at least every 2 to 4 weeks) to affect the 
larval or juvenile animals before they have had time to become 
firmly established, and (2) that temperatures within the upper 
range are maintained for the periods correspondingly indicated. 

Moribund mussels reveal their condition in several observable 
ways, e.g. (1) by gaping, (2) by failure to close their valves upon 
mechanical stimulation (tapping the shell), (3) by failure to spin 
byssus strands for attachment, and (4) by decomposition of their 
fleshy parts. Even if any or all of the first three diagnostic signs 
are observable in a treated lot of mussels, it is invariably essential 
to remove the batch of animals and place them in a container of 
running sea water at normal temperatures. This was always 
done in our procedure, by having each lot of ten’ animals in a large 
porcelain vessel with perforated bottom (a large Gooch crucible). 

At the end of an experimental period, a crucible of experimental 
animals was removed, drained of water, and the mussels were 
transferred immediately into a container of fresh cool sea water 
This latter container, covered by a screen, was then placed in a 
running sea-water aquarium, and the experimental animals there- 
after were observed during periods of several days. Some heat- 
narcotized sluggish animals later revive under these conditions, 
spin byssus, and propel water normally through their valves. On 


TABLE 1 


Date of start._7-27-48 


Time of start._2,00 P.M, 


OF THE ASME PEBRUARY, 1960 
the other hand, some small mussels which fail to reveal their 
death by parting their valves, actually may be found to have 
died in this condition, the shell hinge being insufficiently rigid to 
operate conspicuously. 

Observations always were continued on all animals given heat- 
treatment for a defined interval and then restored to natural 
conditions, until such time as we were able to determine that all 
died as a result of the heat, or that one or more survived. Thus 
sometimes the data are not all available for 3 or 4 days after the 
initial thermal treatment. Our data are all plotted on the basis 
of 100 per cent mortality. ° 

With the use of this method of collecting reliable data, for 
example, we were able to obtain typical information relative to 
a series of mussels exposed to a temperature of 35 C or 95 F as 
shown in Table 1. 

The time of 7 hr was manifestly the approximate period to be 
adopted as the lethal period for mussels of the indicated size and 
locality, exposed to a temperature of 95 F. Had we merely 
observed the condition of our animals in the experimental heat~ 
ing vessel, we should have been unable to collect reliable time 
data for lethality. The believed lethal period thus might exceed 
the actual lethal period by several or manyfold. 

Manifestly the size range of experimental animals, the manner 
of heating and supplying reviving conditions, and clearly defined 
criteria of irreversible heat narcosis, leading to certain death, 
should all be standardized by experimenters in the field, 

The definite possibility remains that mussels or other fouling 
species may vary somewhat in their thresholds of thermal 
tolerance, according to temperatures prevailing in their normal 
habitats. Marine animals living on the coast of the Pacific 
Northwest, for example, might be expected to manifest greater 
sensitivity, i.e., succumbing at elevated temperatures 
and/or within shorter time intervals, than members of the 
same species, but possibly constituting a separate “physiological 
race,” inhabiting Mexican waters. The sensitivity of races 
found at intermediate latitudes probably would lie between two 
such extremes. These matters should be borne in mind, and 
should be tested experimentally when contemplating the use of 
flowing sea water from any given region. 
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THERMAL DEATH TIME OF MYTILUS EDULIS¢ 


Nominal temperature__35 °C. or_95 °F. 


Time heated Temp 


°C. 


Sample Total No. Active 


Indeterminate Gaping’ 


No. per sample 


128 2/22 1420 
10 
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DESCRIPTION OF CIRCULATING-WATER SysTEM 2 At the shore end of the 10-ft-ID discharge pipes as a toxic 
agent for killing marine organisms in the pipe. So far the latter 
use of chlorine has not been necessary due to the success of the 
method to be described. 


Reference is made to Fig. 1 which shows the facilities for 
withdrawing water from the Pacific Ocean for the Redondo 


Station. Two 10-ft-ID precast concrete pipes are laid in the we 
floor of the beach in trenches, having a minimum earth cover of Fiow Revenast . 
4 ft, and extend into the sea for a distance of about 1900 ft. ' 7 a 
The lines were constructed under water by the use of divers, and The reversal of the circulating water is effected by four ver- 


facilities for unwatering the lines are not provided. The ter- tical gates, one located in each intake and two at the outlets of 
minal structures are vertical precast concrete towers 14 ft the transfer basin or reversing chamber. The gates normally 
diam, extending about 10 ft above the sea floor and protected by _ will operate in pairs, one intake and one discharge opening, the 
‘rock riprap. The top of these towers is about 20 ft below other pair closing. Gates are 7 ft wide and 10 ft high, built of 
mean lower low water.- They, are separated laterally by 200 ft fabricated steel. They are provided with cast manganese- 
te avoid recirculation of the water. bronze guides with bronze sealing strips and with stainless-steel 
The choice of pipe internal diameter was selected as 10 ft after stems. The four gates normally operate together at uniform 
considering such factors as cost, flow, and possible decrease in di- speed, 4 min being required for the complete stroke. The gate 
ameter by marine growths, with attendant increase in roughness hoists are operated electrically, and the position of each is re- 
factor. The present pipes will be adequate to handle all the motely indicated on both the cireulating-water panel board in’ 
circulating-water requiréments for the plant when the latter the steam station and the chlorination control panel on the 
is expanded to its present ultimate capacity of 264,000 kw. At second floor of the chlorination building. 
this load the cireulating-water requirement will be about 180,000 During the 4-min period of reversal there will be a cer 
gpm. . amount of recirculation of warmed water, from that gate which 
* The shore end of each conerete pipe is connected to a concrete — has been the discharge and which is now closing, to the intake, 
structure in which there are four vertical steel gates which can. which has been closed and which is now opening. The flow in | 
be raised or lowered with electric motors. The gates are ar- that tunnel, which has been the discharge, is gradually reversing, | 
ranged and operated so that one of the concrete pipes acts as an and some warmed circulating water will be drawn back into the 
intake and the other as a discharge conduit. At intervals, the intake. The effect of the reversal of the circulating water is 
position of the gates is changed so that flow is reversed in each shown in Fig. 2 in which the elevation of the free water level — 
conduit. In this way either conduit may be used alternately jn the forebay has been plotted against elapsed time following = 
as a discharge or intake. the start of the gate movement. This curve sheet is based upon 
Other equipment in the shore structure includes a discharge circulating-water flow of 400 cfs and on a tide level of 0.0. It | 
chamber for warmed water returning from the main condensers wil] be noted that the water level in the intake basin starts at 
in the power plant, a trash rack for collecting and removing approximately 3 ft below grade 0.0 (which is the head loss in the 
seawéed and other trash, revolving screens for removing fish jntaké tunnel) and reaches a maximum low grade just after the 
and other marine growth, a suction chamber for the main cir- gates have completed reversal. This lag is a result of the time 
culating-water pumps, and a pump house. Circulating water required to decelerate and reverse the flow of water in the intake 
for the main condensers is conveyed from the pumps through — tunnel. Approximately 14 min are required for the re-establish-— 
54-in-ID precast concrete pipes laid underground. The latter ment of equilibrium at a level of 3 ft below grade 0.0 (correspond- 
are not subjected to the antifouling treatment to be described ing to the head loss in the discharge tunnel), and a peak water 
later because it was possible to provide access to them for — Jeyel of approximately 8.5 ft above grade 0.0 is reached just after | 


periodic cleaning by manual means whenever it becomes neces- — the completion of the gate movement. 

sary to do so. Antifonling measures are applied to the two The foregoing maximum and minimum levels are based on 
10-ft-ID pipes under the ocean principally because of their in- an ocean grade of 0.0, corresponding to mean lower low water. 
accessibility for the usual methods of cleaning. When a low tide at —2.5 or a high tide at 7.0 ft occurs, these 


There is also provided in the pump house equipment for tide levels below and above grade 0.0 must be superimposed on 
chlorinating the circulating water. Chlorine can be introduced the Jeyel variation shown in Fig. 2. Additional hydraulic data 
into the water at two places and for two purposes as follows: are shown in Table 2. 


1 At the circulating-water pump intake as a desliming agent A weir has been provided at grade 16.0 in the top of the east _ 
wall of the transfer basin. Should simultaneous occurrence of | 


| = 


for the condensers. 
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TABLE 2 ELEVAT PIONS, HYDRAULIC GRADIENT, AND HEAD : 
LOSSES OF CIRCULATING WATE R SY STEM, REDONDO STEAM Automatic control, under which all four gates operate in syn- 
STATIO 


chronism, two opening and two closing, is derived from the 
Elevations: viden 
(Mean lower lew water = 0.0) : chlorination control panel. A manual switch for positioning ; a 
Bottom of intake and reversingtchamber structure........ ; 9.0 the four gates sync hronously is located on the chlorination The 
Top of overflow weir reversing chamber............... ~ 16.0 panel, while local switches permit the positioning of individual ; 
Bottom of screen well and pump well. 22.9 the pip 
Pump-house floce.... 5 28 and 15 0 gates. A position indicator for each gate is located the 
0 chlorination control panel and the circulating-water panel in 


are rev 
lines s¢ 


Center line of condenser intake... .. 18.5 
Top of condenser tail pipe. . . 25.0 
Center line of 10-ft discharge tunnel-condensers to reversing = Indicating lights are provided at the chlorine control board 


the-steam station. 


chamber. Sand ' and at the motors to show the position of the gates. Red ' 
Hydraulic gradient: indicates gate fully open. Green indicates gate fully closed. : 
(Based on a flow of 400 efs with allowance for marine growth on tunnel carried 
walls) . Red and green together indicate gate is either moving or stopped ne 
Mean lower pera 
High water low water Low water in an intermediate position. | partial 
(7.0) (0.0) (—2.5) After a gate-positioning operation has, been initiated, should til 
Level take bas 3.7 —3.: — 5. until. 
5.8 an obstruction or a power failure cause any one of the gates to 
riod of reversal....... stop before completion of one half of its travel, all gates reverse 
evel in pump we 2 —4. the m 
Minimum level in pump well, dur- their travel and are restored to the same position as before , T 
ing period of flow reversal... —11.1 gate ste, > 
Level in reversing chamber... 10.3 3°3 0'8 operation was initiated. In case the gates have completed mors 5 killed 
Maximum level in reversing cham- ‘ than one half of their travel before one gate stops, all other < 
ber, during period of flow reversal 15.8 that 
gates complete the operation. An alarm will sound at the cir- é 
Head losses: maint? if water svnel for 4h 
(With allowance for marine growth on tunnel ‘walls) culating-water gage board if gates go out of synchronism. ying rr 
Two units, Four units, I ne 
200 cfs 400 cfs Basts OF Present TREATMENT The 
Alternating intake and discharge tunnel (L = . 3 . tu 
06 13 lhe marine fouling organisms which are particularly trouble- 
Inlet-pipe line, pumps to condenser... .. 4.8 4.8 some at this location are as follows: 
Condenser... 16.9 16.9 3 wee 
Disct » pipe li nse ve 
— pipe ine, condenser to reversing cham 79 9.8 1 Bay mussel (Mytilus edulis). 7 metho 
| intake and discharge tunnel = 2 Large sea mussel (Mytilus californianus). the in 
Total ; 317 38° 8 Barnacles (Balanus tintinnabulum and Balanus glandula). 
4 Hydroids. 
; Laboratory investigations at the Scripps Institution of Ocean- ul 
+5) ography, University of California, indicated that, of those poe 
organisms listed, Mytilus edulis is the most prolific and resistant comp 
|\Wetler level Transfer Basin effecti 
Sey /eve | = to elevated temperatures, and therefore that any temperature 
We. 
found to be lethal for Mytilus edulis would also prove to be fatal the in 
: | : for the others. Accordingly, further experimentation to deter- mont! 
| ‘ mine the effect of temperature and time of exposure was con- Also, 
fined to this mussel as it was abundant and convenient. hung 
The result of the laboratory work is shown in Fig. 3. The curve might 
fy 20 2 rndicates that this mussel can survive indefinitely at temperatures for ex 
Water Femp. a! Condenser ~ . of tro 
SS /0} below 77 F. However, at temperatures above 82 F, survival 
is depende » time posure after a temners bff 
nde nt upon the time of « xposure and, after a temperature 
£8 7ime in minutes after beginning of gate movement of 100 F is reached, the mussel dies within 1 hr. ; a 
there 
hie. 2) Errect or Keversat or CrrcuLatinc WATER | | | sever: 
maximum flow, flow reversal, and high tide cause.this basin to : : 
overflow, the excess water will discharge into the intake basin. Lethal Temperature | 
. | Eme of Exposure 
For a short period following tunnel reversal, condensers will for the mussel Mytilus Edulis.-+ + 
receive warmer than normal circulating water owing to the - | | ae 
recirculation which occurred when all four gates were open and 5 it 4 | | | 
_ changing, and to the reversal of the flow in that tunnel which 7 7 4 
been the discharge and which became the intake: ‘Fig. 2 +— +— - 
indicates that a temperature rise above normal may persist = | ; | | J 
for some 12 min, with a peak rise of 19 deg F prevailing for 3 min. x = | 
This calculated rise of inlet-water temperature above normal is R | | | 
_ based upon a heat rejection of 1720 X 10° Btu per hr to the cir- @ | 
10 20 30 40 70 ao 
per ot water corresponding to the extremé conditions of four Time of Exposure - Hours 
units operating at 66,000 kw. For any lower station load, the 3 Berweer Levraat, axp Tres oF 
magnitude of this temperature rise will be proportionally re- Exposure ror THf Musser, Mytitvs Eputis 


duced. It has been found by experience that the reversal cycle 
does not affeet the ability of the main units to carry full load. The reproductive cycle of this mussel practically ceases during 
. . : the winter months when the ocean temperature drops below 60 
iLectric ConTroL OF REVERSING GATES 

. F, and new mussels do not appear in troublesome numbers 
Each of the four gates is provided with an electric motor until the water temperature increases beyond 60 F in the lite - 


operator and means for automatic and manual position control. spring. Accordingly, it is believed that little or no treatment : 


| 
| 
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will be requifed during the winter dormant period. Conclusive 
evidence on this point will not be available until further experi- 
ence with the system has been obtained. 

The information in Fig. 3 is applied to the problem of keeping 
the pipes free of marine organisms in the following way: Dur: g 
the months when the ocean water exceeds 60 F, the gate positions 
are reversed periodically, causing a reversal of flow in the two 
lines so.that the line which acted as the intake line becomes the 
discharge line. 
water in the line increases about 19 deg F if full load is being 
carried in the plant. Depending upon the ocean-water tem- 
perature, this is increased further by opening one of the gates 
partially to cause recirculation of the water to the condenser 
until .the temperature of the water flowing in the .discharge 
pipe is raised to about 102 F. As shown on the curve in Fig. 3, 
the mussels cannot survive this temperature for longer ‘than 1 
hr. To make certain that all mussels and other growths are 
killed, it has been the practice, during the first summer season 
that this method has been tried, to maintain this temperature 
for 4 hours before restoring the gate to normal position and stop- 
ping recirculation. 


As sdon as this happens, the temperature of 


The function of the pipes has been reversed and the tem-- 
perature of the water increased as just mentioned at varying 
intervals from 10 days to 3 weeks. It appears that once every 
3 weeks may be sufficient and, as later experience with this 
method develops, it may be possible to increase, the length of 


the interval between flow reversals. 


RESULTS 
4 


During the summer of 1948 the pipes and terminal structures 
were treated as outlined, and during this time they remained 
To check upon the 
effectiveness of the method, a diver was employed to examine 
the interior of the pipes and terminal structures at least once a 
month and oftener during the initial phases of the operation. 
Also, removable concrete-test panels about 1 ft x 3 ft were 
hung in the pipes to provide a spot sample for any growths which 
might have accumulated. These were removed periodically 
for examination above water, and likewise were found to be free 
of troublesome growths throughout the first summer period. 
Effectiveness of the method also has been demonstrated in 
another way. Referring to Fig. 1, in the pump intake chamber 
there are located, in addition to the main circulator pumps, 
several small vertical pumps used for station salt-water service. 


completely free of any fouling organisms. 


During the latter part of the first summer’s operation, it was 
necessary to raise these for internal inspection, and it was found 
at that time that the external surface of the pump columns 
carried a layer of mussels about 6 to 8 in. thick below the water 
line. The water surrounding these pumps does not receive the 
full heat-treatment given to the main conduits, and therefore 
the mussels are not killed periodically but flourish instead in 
their unmolested environment. It is reasonable to expect that 
growths of similar magnitude might have accumulated in the 
main conduits during the same period had not the treatment 
described in the foregoing been used. 
Cost oF TREATMENT 


The operating cost of the treatment is relatively small when 
the benefits derived are evaluated with it. 
when compared to the alternative method of using chlorine in 
lethal quantities to perform the same service. No exact data 
are available for the latter method because, so far, it has not 
been necessary to employ the method. However, an estimate 
has been made of the probable cost of using chlorine rather than 
heat and is reported here for comparison. 

During the 4-hr period when the water temperature is elevated 
artificially at the expense of condenser vacuum and, conse- 
quently, fuel cost, the vacuum drops approximately 1 in. Hg. 
On an annual basis, it is estimated that the heat-treatment costs 
about $800 for the two 66,000-kw turbine generators presently 
installed. Based upon the best available estimates rather than 
the actual use of chlorine to accomplish the same results, if such 
were possible, it is expected that the annual cost of chlorine 
would be about $50,000. 

While it is true that some additional capital expenditure was 
necessary to provide the facilities for reversing the flow of water 
periodically, it is judged that the fixed charges on these are 
eonsiderably below the annual expense for chlorine as just 
estimated. 


It is also small 


CONCLUSION 

A system has been devised for controlling the troublesome 
growth of 
conduits by elevating the temperature of the discharge water 
periodically for skort periods to a value slightly in excess of 100 
F. The scheme has worked well during the first year of plant 
operation and has done so at a cost believed to be much lower 
than with the use of chlorine. 
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Symposium on Marin 


HE following discussion is a composite of that given in 

connection with the symposium of papers on the subject of 

Marine Fouling which appears in this issue of the 
Transactions, References to individual papers of the Symposiurh 
will be given by numbers in parentheses as indicated in the 
following list, which also includes paper numbers. 


1 ‘Some Biological Fundamentals of Marine Fouling,” by 
W. F. Clapp, pages 101-107. 

2 “Project Study for the Mitigation of Marine Fouling,”’ by 
1. A. Patten, pages 109-115. 

3 “Control of Marine Fouling in Sea-Water Conduits In- 
cluding Exploratory Tests on Killing Shelled Mussels,” by H. 
kX. White, pages 117-126. 

t “Thermal Control of Marine Fouling at Redondo Steam 
Station of the Southern California Edison Company,” by W. L. 
Chadwick, F. 8. Clark, and D. L. Fox, pages 127-131. 


Discussion OF Papers 


Heven I. Barrie.! The data presented in this symposium 
offer a definite contribution to the immediate problem of marine 
fouling and are particularly enlightening to the biologist as an 
indication of the paucity of specific knowledge regarding the 
thermal-tolerance ranges of many common organisms. 

The possibility of the destruction of larvae prior to or immedi- 
ately on settling would involve another type of approach to the 
problem, namely, an accurate determination for any given 
locality of the following: 


1 Spawning characteristics of the adult. 

2 Lethal temperatures and critical temperatures for duration 
of chlorination of the early larva (trochophore), straight hinge 
(prodissoconch) and caleareous shell stage of young (dissoconch). 

3. Preparation of prediction curves for the actual settling time 
under any given temperature range. 


Spawning in Mytilus is intermittent and varies considerably in 
different For example, Fox? found a simultaneous 
nonperiodie spawning of Mytilus at Alexandria and Suez to 
which temperature apparently had no relationship. Battle, for 
the Fundy area, observed maximum spawning during the summer 
months at the time of first-quarter neaps, full-moon springs, and 
third-quarter neap tides, and suggested that spawning might be 
initiated by increased temperature of the littoral zone when the 
low water of the first-quarter neaps occurs during the midday. 
At Wood’s Hole, spawning is usual from June to September, at 
Plymouth, England, from January to May, and in North Wales, in 
July. Dr. Clapp (1) has drawn attention to an apparently 
unusual spawning in December to February, off Portland and 
Atlantic Beach: Nelson® placed a critical spawning tempera- 
ture for Mytilus at 10-12C.  Miller® found a minimum tempera- 


localities. 


' Associate Professor, Department of Zoology and Applied Biology, 
University of Western Ontario, London, Canada. 

* “Lunar Periodicity in Reproduction,’ by H. Munro Fox, Proceed- 
ings of the Royal Society of London, series B, vol. 95, 1924, pp. 
523-550. 

'“Rhythmiec Sexual Maturity and Spawning of Certain Bivalve- 
Molluses,”” by Helen I. Battle, Contributions to Canadian Biology 
and Fisheries, vol. 7, 1932, pp. 257-276. 

4“Mytilus,” by K. White, LMBC Memoirs, March, 1937. 

®*“On the Distribution of Critical Temperatures for Spawning and 
for Ciliary Activity in Bi-Valve Molluses,"’ by T. C. Nelson, Science, 
vol. 67, 1928, pp. 220-221. 

Larval Development of Mytilus edulis, by M. M. 
Miller, Unpublished Report, Fisheries Research Board of Canada, 
1940, 
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ture of 11-13 C required to initiate spawning at Bideford, P. E. I. 

A determination of lethal temperatures and critical tempera- 
tures for duration of chlorination of the larval, straight hinge, 
and young would lend itself readily to laboratory procedure. 
The eggs either can be fertilized in the laboratory and the young 
reared successfully on cultured diatoms, or can be obtained in 
plankton tows with No. 18 bolting silk net. Although it might 
be expected that the larvae will, in general, be more sensitive to 
unfavorable environmental factors than the young with shells, 
this cannot be taken as a generalization, and it would be necessary 
to determine the thermal death point experimentally. 

Dr. J. C. Medeof? has compiled composite curves for the 
prediction of oyster sets from growth-increment data at various 
constant temperatures. Such prediction curves would be of the 
greatest value in the instance of Mytilus. 
tain localities, Mytilus will be subjected to a considerably greater 
temperature range than that of oysters, hence this will affect the 
duration of the free-swimming stage and present difficulties in 
the prediction of the actual settling time. 

Further experimental work might be directed along the line of 
chemical control, possibly by the use of substances to dissolve or 
destroy the attachment of the byssus thread and not necessarily 
toxic to the organisms themselves. 
would bring in the problems of upsetting the balance in nature 
since the effect might be widespread following their discharge 


Conceivably, in cer- 


Such substances, no doubt 


into open water. 


C. E. Biats.§ Paper (4) covering the control of marine foul- 
ing by temperature at the Redondo Steam Station is an excellent 
presentation of the basic treatment successfully carried out on a 
large-plant scale at this important public-utility station. 

The planning, construction, and successful operation of the 
elevated heat-control method thus established brings into sharp 
focus the value of this system as compared to some of the other 
control methods which previously have been suggested and 
installed for preventing the settling of lava forms and the killing 
of adult forms of fouling organisms. 

The fouling of both fresh and salt-water circulating systems is a 
common problem to many utility and industrial plants whether 
The 


most prevalent source of trouble appears to be caused by those 


they be located on the Atlantie or the Pacifie seaboards. 


fouling organisms that are members of the Phylum mollusca, 
which includes the snails and other single-shelled Gastropoda, 
and clams, oysters, mussels, and other bivalves that are most 
troublesome. The Mytilus edulis identified as the black mussel 
on the Atianiic Coast and a similar bivalve that is closely related, 
known as the Mytilus californianus, common on the Pacific Coast, 
is the most common fouling mollusk throughout the world, 
Control methods previously suggested and tried have been 
numerous, and today, due to the untiring efforts on the part of 
many eminent biologists and designing and operating engineers, the 
problem of control can be solved effectively. It is interesting to 
note that the design of the Redondo Steam Station’s marine- 
fouling-control system was predicated on the two most popular 
known methods of combating the fouling of salt-water circulat- 
ing systems: (a) The heating and the recirculating of circulating 
water, one of the earliest schemes used on a large-plant control 


7 “Larval Life of the Oyster (Ostrea virginica) in Bideford River,” 
by J. C. Medcof, Journal of the Fisheries Research Board of Canada, 
vol. 4, 1939, pp.287-—301. 

* Chief Engineer, PWD Power Plants, Quonset Naval Air Station, 
Quonset Point, R. I. 
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system; (b) chlorination control, probably the most extensively 
applied of all controlling systems in use today. ~ 

The design of the circulatory structure for the Redondo Station 

is novel and yet not radical. It does, however, contain certain 
features of much interest to future designers and operators of 
control installations. Of primary interest is the considered effort 
_ to construct, without in any manner interfering with or detract- 
ing from the natural recreational area, this necessary facility 
which otherwise might interfere with the future use of the beach 
by the public. The engineers are to be commended for the excel- 
lence of design, and the ultimate installation which so effectively 
overcame local difficulties. 

The writer concurs with the type of control provided for com- 
-bating effectively the fouling of the circulating-water lines. 
_ The system provides for control by elevated temperatures for pri- 
- mary elimination, and with chlorine injection as a safeguard or 
for secondary defouling and is worthy of mention. Even though 
complete and satisfactory results were achieved without the use 
of chlorine during the first year’s run, it is quite within the realm 
of possibility that this method of prevention might be utilized if 
future conditions warrant. Experience in the Narragansett Bay 

area has shown considerable variation in the variety, volume, and 

the rate of growth of fouling organisms from year to year in any 
* one part of the bay. It is therefore possible that the relatively 
short period upon which the report is based may not be entirely 
conclusive as to results. 

The operating cost of the treatment for the first year of opera- 

tion is exceptionally low considering the benefits resulting. - A 
complete breakdown of the cost of the installation of the ter- 
minal structure, piping and pumping station would have been 
quite useful for comparative purposes with other installations, 
particularly for use in other contemplated studies made for the 
purpose of determining the specific type of equipment best 
fitted for the complete elimination of marine fouling in other 
areas. 

The NAS main power plant at Quonset Point was designed 
and constructed during the duress of the last world war. A 
pumping station was constructed along the bulkhead south of 

the main plant, and no control equipment for marine fouling was 
installed in the initial building unit. The power plant was not 
long in operation, however, before it became apparent that the 
infiltration of bay mussels would affect seriously the operation 
of the turbogenerators. Within the first year of operation, serious 


clogging of the pump well and large intake and fouling of the -- 


condensers necessitated outages at opportune moments to facili- 
tate the defouling of the condenser water boxes, tube sheets, pipes, 
peer pump well. - The matter of establishing a satisfactory control 
was given the highest priority. A survey of the physical fea- 


tures of the cooling-water system indicated that the close and 


compact arrangement of the prime operating equipment would 
preclude the possibility of installing the necessary piping for con- 
trol of marine fouling by temperature. The survey, however, 


7 lid bring to light the simplicity and feasibility of installing a 


complete chlorinating system that effectively would control the 
_ marine-fouling growth of bay mussels within the system. 
An automatic vacuum chlorinator was procured and installed 
the pumping station. Chlorine was injected on the lee side of 
the sluice operating gate before the rotary screen. The chlorina- 
tor was placed on automatic control for continuous operation 
during the warm-weather months, with the chlorine’ residual 
maintained at 1 ppm. During the early spring and early fall 
months up to about October 1, intermittent operation gives 
satisfactory results. During these periods, the residual is main- 
tained at 0.5 ppm. °*This system of control treatment has con- 
tinued to be effective and extremely flexible in meeting the 
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widely varying conditions, and the operation and maintenance 
are relatively inexpensive. 


Louis Extiorr.’ While a steam plant is not as closely tied 
to nature as is a hydroelectric, there are still a number of recon- 
ciliations to make, of which the supply and handling of condens- 
ing water ‘call for one of the most important. This condition 
obtains whether the station has an ocean, a lake, or a river to draw 
on for direct condensing, or whether in a dry country cooling 
towers must be used, with make-up from wells or other source. 

The design adopted at the Redondo Station (4), with two 10-ft 
pipes laid under the sea bottom 1900 ft out from the shore, must 
presuppose a reasonably stable bottom—not subject to serious 
change of contour from waves and tides. 

The paper (4) brings out the complications arising in a design 
of this kind—unexpected to one who has not tackled a similar 
problem. The 10-ft-diam pipes, to carry 400 cfs, give a moderate 
water velocity, e.g., 5.4 fps. This matter of pipe size was doubt- 
less worked out with care, taking into account investment and 
fixed charges as against energy losses through friction, and com- 
plications arising from variation in head under various phases of 
operation. 

Doubtless, also, the economics as to régime of changes in cir- 
culation have been worked out, taking into account necessities of 
temperature level to kill the mussels, loss of fuel resulting from 
higher water temperatures, and other elements. 

Small-scale examples of similar conditions may be cited. At 
small steam plants on the Isthmus of Panama, difficulty arises 
from marine growths inside small pipes taking water from the 
ocean. These become clogged with mussels and other growths, 
in spite of the fact that according to Fig. 3 of the paper, the par- 
ticular mussels encountered at Redondo would have been killed 
by the temperatures existing in these tropical waters. It is 
probable that the particular marine growths encountered at 
Panama are immune to the effect of temperatures that would kill 
Mytilus edulis. 

Although no formal research has been conducted, certain 
approximate results may be compared with conditions in the 
north (3, 4). ; 

South Avenue steam plant at Panama City has a capability of 
about 12 mw. There is an unusual condensing-water arrange- 
ment, worked out because of the wide shelving beach at the plant 
site, with the water receding a long distance from the plant at 
low tide. Circulating water is taken from the sea when the tide 


.is high, and sufficient water is impounded in a basin to supply the 
cooling needs when the tide recedes beyond the suction line of - 


the pumps. The storage basin is divided into two compartments, 
permitting certain control of circulation. Some surface cooling 
is effected during the period when tide is out. ; 

Séa-water temperatures range from 70 F up, and condenser- 
inlet temperatures from 70 to over 110 F. Fouling by marine 
growths of pipes and other condensing-water works is experi- 
enced, particularly during the spring and early summer. This 
fouling has been minimized by heating the circulating water for 
brief periods. Arrangement can be made, daily if necessary, to 
raise water temperature to 115 F for a period of 20 to 30 min. 
This has been found effective in killing a great portion of the 
marine growth. 

Data from southern California indicate that exposure of the 
mussels to 106 F kills them in 20 min. Corresponding data 
taken at Lynn shows a much longer time for killing all mussels 
with water at 105 F, and something over an hour with water at 
115 F. As just stated, it has been determined at Panama that it 
is desirable to carry the water up to 115 F for approximately half 


® Consulting Mechanical Engineer, Ebasco Services Incorporated, 
New York, N. Y. Mem. ASME. 
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SYMPOSIUM ON MARINE FOULING—DISCUSSION 


an hour. Because of the more general character of information 
from Panama no close comparison can be made with Redondo 
and Lynn. 

A new plant under design for Panama takes advantage of this 
utilization of high temperatures, without use of chemicals, for 
killing marine growth. In this case, as at the South Avenue 
plant, there is to be a recirculation of warm water, 115 F maxi- 
mum, through circulating-water conduits and condenser. 

The circulating system for the new plant will have a siphon- 
type conduit 42 in. diam and 500 ft long, supplying water to the 
intake chamber of the circulating pumps at all stages of tide. 
This utilization of siphon action, permitting theplacing of the 
intake chamber back on the shore in a protected location, has 
been made in a number of plants in Central and South America. 
At the new Panama station, a 12-in. recirculating line from the 
condenser discharge carries warm water, when required, to 
the pump-intake chamber and also to the intake siphon. The 


. latter may be valved off, reversing the flow during the periods 


when high tide floods the intake chamber and the siphon feed is 
not required. Piping and valves are so arranged that flow can 
be reversed in each pass of the two-pass condenser, and any part 
of the circulating system subjected to a higher water tempera- 
ture to kill mussels or other marine growth. 


V. F. Esrcourr.” Although the effect of increased tempera- 
ture in reducing the ability of mussels to remain attached to 
intake conduits has been known for many years, the experi- 
mental data which have been developed by the authors (4), 
demonstrating a definite correlation between time of exposure 
and various water temperatures beyond which specific types of 
mussels can survive or remain attached, is extremely valuable. 
This information should prove helpful in designing salt-water 
condensing systems in power plants for minimum trouble from 
this type of marine growth. Although the paper (4) relates to 
what was done to prevent such marine growth in a specific instal- 


- lation, it would appear appropriate to include in this discussion a 


few observations relative to the basic factors which enter into 
the problem. 

Dr. Clapp (1) adequately describes some valuable research 
which has been conducted in contiection with the chlorination of 
mussels, and H. E. White (3) correlates the effect of chlorination 
at different water temperatures in terms of the time required to 
kill the mussels. None of these papers is concerned with the 
influence of the basic layout of the salt-water intake system upon 
the economic application of other methods of control. There- 
fore some comments regarding this aspect of the problem may 
be helpful in suggesting a means of evaluating the various pos- 
sible solutions in terms of how much capital investment can be 
justified economically for the various methods of control.- 

The control of marine fouling from the power-plant operator's 
viewpoint has as its objective the elimination of trouble from 
restrictions in the flow of cooling water in the various conduits 
and piping systems, and through the main condensers and other 
heat exchangers, resulting from the accumulation of mussels, and 
other fouling organisms at the tube inlets. Four important 
methods of control have been known for a number of years, i.e., 
(a) properly located revolving screens, (b) predetermined periodic 
increments in water velocity, (c) chlorination, (d) predetermined 
periodic increments in water temperature. Each of these meth- 
ods is known to be effective in varying degrees, depending upon 
various local conditions and also upon whether one is used to the 
ex¢lusion of the other three, or whether some optimum combina- 
tion of two or more methods is applied. In so far as we are aware, 
the use of elevated temperatures prior to the Redondo job had 

'© Engineer of Steam Operation, Pacific Gas & Electric Company, 
San Francisco, Calif. Mem. ASME. 


been confined to the process of increasing water velocities periodi- 
cally, particularly during seasonal high water temperatures; and 
the effect of chlorination as a means of control had been some- 
what inconclusive until the more recent tests at the Lynn Gas 
and Electric plant were completed (3). 

Experience during the past 25 years in the San Francisco Bay 
area with salt-water cooling systems has indicated that the 
location of the screens in the intake system is a fundamental fac- 
tor with respect to operating difficulties which will be encoun- 
tered from fouling. We have examined intake tunnels up to the 
location of the revolving screens after many years of continuous 
operation and find that the accumulation of mussels on the walls 
of this section of conduit reaches a point of saturation which is 
determined by the apparent inability of the mussels under exist- 
ing water velocities and temperatures to maintain a firm hold 
beyond a certain thickness. Although they may hang down in 
streamers for a while, eventually they will drop off and are then 
caught by the revolving screens. It is therefore extremely 
desirable to locate both the circulating pumps and the screens as 
close to the condenser as possible. What happens when there 
are large low-velocity conduits between the screens and the con- 
denser is well illustrated in the paper by I. A. Patten (2). 

In most instances there is little to fear from mussel accumula- 
tion in the intake conduits up to the point where the revolving 
screens are located. Absolutely no interruptions or curtail- 
ments of operation have resulted from mussel acccumulations in 
this section of the intake tunnel in any of our San Francisco Bay 
area plants. However, as the authors point out, there were 


* special considerations at Redondo which made it desirable to go 


to the expense of controlling marine growth in the unusually long 
intake conduits before the screens. They do not state specifi- 
cally that smaller conduit cross sections were used in anticipation 
of an improved roughness factor, and larger effective cross-sec- 
tional area due to the absence of mussels. Sometimes other 
considerations dictate the economic size of the conduit, but it 
would be of interest to know whether there was any saving 
in reduced conduit sizes at the Redondo job due to mussel 
control. 

On the other hand, there is a much greater fouling hazard in 
the section of tunnel or piping between the intake screens and 
the condensers. It is our understanding that the original de- 
sign at Redondo for the control of temperature in the intake 
conduits up to the revolving screens has been extended in its 
application to the lengths of pipe between the screens and the 
condensers, in order to meet the problem which usually exists in 
these sections of conduit which are unprotected by screens. It 
would be of considerable interest if the authors (4) would describe 
the results obtained at this point in the system that is, between 
the circulating pumps and the condensers. 

At our Moss Landing steam plant, because there were physical 
restrictions which made it difficult to bring the revolving screens 
close enough to the condenser, we not only have manifolded the 
individual circulating-water-pump discharges, but have arranged 
the condenser piping so that some or all of the water can be re- 
turned in reverse direction through one half of the condenser, 
thence continuing in reverse direction through one of the pump- 
discharge lines, thereby elevating the temperature of the cooling 
water and taking advantage of both increased temperature and 
velocity, if necessary, in order to remove any mussel accumula- 
tions. Had it been economically feasible to locate the revolving 
screens and pumps within, say, 25 ft or 50 ft of the condensers, 
these provisions probably would not have been necessary. Full 
reliance is being placed upon the ability of the revolving screens 
to prevent any trouble from mussel accumulations in the section 
of ‘conduit up to this point. 

This subject would not be complete without mentioning the 
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special problem which sometimes develops in small salt-water 
pipes of, say, 3 in. diam or less. Mussels have been known to 
grow in these small lines until they are almost completely plugged. 
This has been eliminated in some instances.by the substitution of 
heavy rubber hose and rubber-lined fittings. Apparently the 
mussels have difficulty in attaching themselves to rubber, and it 
would appear that the valuable investigations described in the 
papers of this Symposium might well he extended to include a 
further study with respect to the effect upon mussel accumulations 
of special linings and coatings on the inner surfaces of salt-water 
conduits. 


Gustave At Corpus Christi plant of the writer's 
company, large volumes of sea water are used for process-cooling. 
Although it was planned to commence chlorination of the sea 
water at the time operations began in 1934, some delays were 
encountered in the installation of the chlorination equipment. 
This resulted in our operating the plant for several months with 
unchlorinated sea water before a chlorination program could be 
started. Drawing on the experience reported by others, in 
which it was claimed that shelled mussels could be killed after 
several days continuous chlorination, it was decided to chlorinate 
the water on a continuous basis, maintaining chlorine residual 
roughly 0.5-1.0 ppm for 4 days prior to commencing an inter- 
mittent chlorination program. At the end of the 4-day period 
the lines were flushed, resulting in the recovery of tremendous 

- quantities of killed mussels. Although careful inspection of the 
lines was not possible, there were definite indications that the kill 
was essentially complete. 

Following the initial continuous treatment, varying programs 
of intermittent chlorination were tried from 20 min each 8 hr to 
40 min each 2 hr. Experimentation indicated that the latter 

heavier schedule appeared to be necessary for effective control in 
these waters. With a program of 40-min chlorination each 2 hr, 

—and a residual approximating 0.5-1.5 ppm, essentially complete 
control is obtained. This experience has also been confirmed by 
a power plant in this area operating on water from the same 
source, 

It appears evident that in any discussion of mussel control, a 
consideration of local conditions is of extreme importance. For 
example, H. E. White (3) shows that with mussels from Lynn 
Harbor, a complete kill is obtained at temperatures less than 85 
even without the use of any chlorine. W. L. Chadwick, 
F.S. Clark, and D. L. Fox (4) state that mussels in the Redondo 
Beach area of California are killed after the temperature of the 
water reaches 82 F. The growth of the mussels in the Texas 

Gulf Coast waters is extremely prolific, even during periods when 
the water temperature is as high as 90 F. This would indicate 
that the curves which have been presented cannot be applied 
to normally warm waters such as those in this area. 

During the winter season When the water temperature is as 
low as approximately 60 F, and occasionally as low as 50 F, the 

rate of mussel growth is decreased tremendously. During the 
sumnier season, representing at least 4 or 5 months of the year 
when the water temperature will be in excess of 80 F, the rate of 
growth is very rapid. This would indicate that the mussels in 
this area will withstand temperatures considerably in excess of 
those at Lynn Harbor or at Redondo Beach. 

We do not have any experience’ to show the effect of tempera- 
ture on the length of time necessary to kill shelled mussels from 
waters in this area at varying temperatures using chlorination. 
Our experience along this line is confined principally to continuous 

chlorination for 3 to 4-day intervals, such as was employed when 
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chlorination was first begun, and at times when the water tem- 
peratures. were in excess of 80 F. 

It would appear desirable that further work be instituted to 
determine the length of time necessary to kill Gulf Coast mussels 
with chlorine under lower temperature conditions. It also 
would appear desirable that work be instituted to determine the 
thermal death temperature of these mussels under varying times 
of exposure. 


B. G. Hume.'? Marine fouling of circulating-water systems of 
steam plants on the West Coast has been particularly aggravat- 
ing to the operating personnel. More trouble has been experi- 
enced from’marine growth in plants located on open water, where 
fresh clean sea water is available, than in those located in harbors. 
Mussels in particular seem to like clean water. Undesirable as 
it is to have the circulating water contaminated with industrial 
wastes from a corrosion standpoint; it does ¢iscourage the 
growth of mussels and some other forms of marine life. Mussels 
are the most objectionable, as they break off from the tunnel 
walls, and frequently plug the condenser tubes completely .or, 
worse still, lodge inside and cause tube failure from cavitation. 

It has been found that chemical control of the circulating water 
is either too expensive or inadequate to prevent the growth of 
the more vigorous types of marine life. Therefore it has been 
necessary to resort to the very expensive method of cleaning 
tunnels by hand anywhere from one to three times a year. 
Chemical control still proves to be adequate and quite necessary 
to prevent the growth ef the slimes that are so detrimental to a 
good heat-transfer, rate in condensers, but the mussels protected 
by shells are highly res’stant to chemicals. 

The Department of Water and Power of Los Angeles Harbor 
steam plant uses water from the Los Angeles Harbor. The intake 
tunnels are about 1200 ft long, and no difficulty has been experi- 
enced from marine fouling during the 7 years these tunnels have 
been in use. In fact, they have been cleaned only once during 
this time. The sea water in the vicinity of the Seal Beach steam 
plant, however, is practically free from industrial contamination, 
hence considerable trouble is experienced with growth of marine 
life in the intake tunnels. 

Mussels grow in great abundance in the inlet tunnels of this 
latter plant. They hang in festoons on tunnel walls, inlet pipes, 
and condenser water boxes. As this plant is now being used 
for hot stand-by service and is generally shut-down over week 
ends, attempts have been made to discourage the growth of 
mussels. This was done by injecting chlorine solution into the 
intake tunnels just before the week-end shutdown, thereby sub- 
jecting the growth therein to a “soaking,” in water having a resid- 
ual chlorine content of 2 to 4 ppm. 


This procedure has failed to rid the tunnels of mussels, as they 


apparently close up tightly when the chlorine solution surrounds 
them and then open up when the danger has passed. Ordinary 
periodic chlorination for slime control seems to ‘have little cr no 
effect on them. 

In designing the extension to the Seal Beach steam plant, the 
Department proposes to make use of the principles of recircula- 
tion in a slightly different manner from those adopted at Redondo. 
It is proposed that circulating water for the’ future units at Seal 
Beach will be taken from Alamitos Bay, as at present,-by means 
of twin, 8-ft-diam precast concrete tunnels and discharged to 
the San Gabriel River. When it is desired to raise the tempera- 
ture of the water in the tunnels, a portion of the warm circulat- 
ing water from the condensers will be discharged into one of the 
intake tunnels. By means of gates, the flow of water will be 
reversed in this tunnel and warm water will flow toward the 

'2 Engineer of Steam Design, Department of Water and Power. 
The City of Los Angeles, Los Angeles, Calif. 
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intake structure where it will be recirculated and drawn into the 
other tunnel, and back into the condenser again. It is antici- 
pated this reversal of flow will be done during week ends or other 
periods of light loads where one tunnel can be spared. In-this 
fashion, the quantity of warm water recirculated can be varied, 
and the temperature of the water can be controlled to any de- 
sired degree, This scheme will permit raising the temperature 
of the water in the whole circulating-water system sufficiently to 
kill the marine life, thereby eliminating any parts of the system 
in which mussels could develop, break away, and get itito the 
condenser tubes, causing tube failure. 

The method of preventing growth in tunnels by raising periodi- 
sally the temperature of the water to 100 F or thereabouts for a few 
hours, appears to be the answer to a very troublesome problem 
in this area. Those responsible for initiating and careying out 
this very expensive and elaborate experimental work should be 
highly commended for their part in advancing the art of power- 
plant design and operation. 

L. W. 
vide a balanced, up-to-date account of most of the aspects of 
intake-tunnel fouling which are of practical importance, fanging 
from biological fundamentals to the two cases of plant-scale 
controk. 


The four papers of this Symposium pro- 


The very rapid accumulation of fouling in intake tunnels and 
associated circulating systems is mentioned by several of the 
authors. Calculations show that the rate of growth in the Lynn 
tunnel in at least 2 years has exceeded the prodigious figure of 
1000 tons per :cre of surface per year. No figures remotely ecom- 
thus 
under the most favorable conditions with the most productive 
crops, the best farm yields are only of the order of 10 tons per 
acre per year, for example. 


parable are known to biologists from any other sources; 


From our investigations in the 
Lynn tunnel, it appears both that the occurrence of large num- 
bers of organisms and the growth of the individuals at unusually 
rapid rates are factors in the rate of accumulation of that fouling. 
On the one hand, as many as 6000 mussels have been found on a 
square foot of wall in the Lynn tunnel. Again, while Dr. ( lapp 
(1) mentions a length of 50 mm being reached after 10 months, a 
figure which many authorities approximate as normal, in the 
Lynn tunnel this size may be reached after as little as 17 or 20 
weeks, 

Most of the common enemies of mussels are excluded from 
tunnels such as that at Lynn by the trash racks and screens, and 
probably this is responsible to an important degree for the large 
numbers of mussels occurring there. Darkness, continuous sub- 
mergence, reasonably high salinities, adequate oxygen, moder- 
ate currents, and sufficient food are all factors which appear to 
It is obvious that an intake tunnel 
commonly will provide an ideal combination of these, which 
suggests an explanation of the rapid growth of the individual 
mussels, An intake tunnel, in short, is probably as close to a 
perfect environment for mussels as it would be possible to get. 

Chlorination has certain effects on mussel growth which per- 


promote mussel growth. 


haps are worth mentioning. Measurements of several thousand 
mussels from the Lynn tunnel collected at- various times over 
the last 5 years show conclusively that mussels subjected to 
chlorination are relatively fatter than those growing in unchlorina- 
ted water. The concentration of chlorine appears to have no 
effect the effect more 
nounced in mussels subjected to longer treatments in a given 
period, and it is most extreme in mussels subjected to continu- 
ous chlorination. 


in this connection, but becomes pro- 


With intermittent treatments of very short 
bursts, such as the 20 min per 8-hr shift used in 1946, there is no 


'® Marine Biologist, Woods Hole Oceanographic Institution, Woods 
Hole, Mass. 
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killing and the over-all growth rate does not appear to be re- 
duced. The result, therefore, due to the slight fattening in- 
duced by the chlorination, is to increase the actual bulk of foul- 
ing for equivalent numbers of mussels. Chlorination in short 
treatments thus not only achieves no control, but is actually 
detrimental in developing a larger bulk of fouling. This seems 
not to have been known previously. 

All of the evidence now available indicates that chlorination, 
to be an effective control method, must be used in long doses, 
If intermittent chlorination is desired or necessary, as might be 
the case in «a reversing tunnel system, the schedule apparently 
should be something on the order of a month on and a month off, 
rather than a short phase alternation. 

Dr. Clapp’s demonstration of mussel attachments on test 
panels at Atlantic Beach in midwinter shows that it is not 
entirely safe to schedule control methods only for normal fouling 
seasons. Usually, of course, it is the summer which is the crit- 
ical time of year for fouling attachment, particularly in the 
Freak off- 
season sets do occur oecasionally, however, and plants should be 
prepared to employ control methods at any time of year should 
It is 
essential to keep a continuous systematic watch over all installa- 


temperate waters where Mytilus edulis is involved. 


inspection show that such an unusual set is taking place. 


tions and not to rely entirely on normal or average data about 
fouling seasons, 

This is especially important in such an installation as the 
Redondo plant, where the tunnels cannot be cleaned manually 
and where, therefore, every possible precaution must be taken to 
maintain them in a clean condition. In this connection it may 
be noted that while the heavy set of mussels in the Redondo area 
normal!y does occur between spring and fall, some mussels are 
known to breed throughout the year. 

Small-scale experiments or laboratory tests are always artificial 
to some degree and seldom if ever duplicate exactly the con- 
ditions obtaining in actual installations or in other tests.  Dis- 
crepancies are to be expected, therefore, in comparing data from 
various sources, and it will be noted that there are some in these 
papers concerning the durations of exposure which are fatal at 
various temperatures for Mytilus edulis. 

Thus the data in Mr. White's Fig. 5 (3) do not indicate that 
the Redondo treatment of 4 hr at 102 F would be adequate, nor 
do they support Ritchie's earlier use of 12 hr at 90 F at the Edin- 
burgh Westhank Station, although satisfactory control seems to 
have been obtained at both plants. The differences are minor, 
however, and do not affect the general concept of control by heat. 

Nearly all tests agree in indicating a critical temperature for 
Mytilus edulis in the vicinity of 84 F. Comparatively brief 
exposures to temperatures higher than this are fatal, while at 
temperatures below 84 F killing is achieved only by very much 
longer exposures or not at all, This agrees very closely with what 
can be inferred from the geographical distribution of Mytilus 
edulis, The southern limit of the species on all coasts through- 
out the world occurs just about where water temperatures in the 
hottest part of the summer can be expected to exceed 85 F for 
several days. Penetration of the species further into the tropies, 
in other words, would take it into water whose summer tempera- 
tures would be lethal. It is possible to make similar inferences 
about critical temperatures for many other fouling species from 
their geographical distributions. 

Because the economics of fouling control have been debated 
widely with relatively little evidence, it is valuable to have two 
further cases in which control has been obtained economically. 
The Lynn ease demonstrates that fouling dominated by Mytilus 
edulis, along with condenser sliming, can be controlled by eon- 
tinuous chlorination at a net saving to the company relative to 
the cost of maintenance and the less efficient operation without 
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fouling control. The Redondo case provides a similar demon- 
stration for the high-temperature method, although this is 
limited to the gross fouling and does not control sliming.’ . 

Since there has been considerable doubt of the practicality of 
fouling control by heat, the Redondo case is also interesting for 
the very close duplication and confirmation it affords of the 
experience at the Edinburgh Westbank station reported by 
Ritchie. Relative costs of chlorination and heat-treatment can- 
not be determined solely from the Lynn and Redondo data as 
given, since neither includes figures for equipment, fixed charges 
on investment, etc., as well as because only one controls sliming. 
The Redondo estimates for chlorination there, however, seem 
high compared to the Lynn costs; solely on the basis of volumes 
of water handled, the Redondo cost estimate should not exceed 
about $15,000 per year at present. 

In any event, a final evaluation of the two methods cannot be 
obtained from only 1 or 2 years’ experience at one or two installa- 
tions; it is to be hoped that further reports on these plants will 
be forthcoming after the control methods have been in operation 
several years, and that additional data will be contributed by 
other units. Meanwhile, all who are concerned with this prob- 
lem of fouling in circulating-water systems will be indebted to 
the present authors for their discussions of their experience. 


F. L. LaQue." It is evident that the attention being given 
the control of fouling in intake tunnels by the authors of papers 
(3) and (4) is providing a good technical basis for future progress. 

At our Marine Test Station at the Ethyl Dow Chemical Com- 
pany plant, Kure Beach, N. C., we have had opportunity to ob- 
serve the growth of mussels under conditions which emphasize a 
point which is indicated also by a comparison of the results ob- 
tained in paper (3) as compared with those in paper (4). This 
point is that the heat that mussels can withstand is likely to be 
determined to a great extent by,what they are accustomed-to in 
their normal environment. 

For example, the mussels exposed to the sun between tides on a 
steel bulkhead at Kure Beach are certainly able to survive com: 
binations of time and temperature which the data of Chadwick, 
et al, indicate should kill them. Similarly, mussels there have 
survived the high temperature reached inside the upper surface 
of a partially buried */s-in-thick black steel pipe line which 
regularly remained full of stagnant sea water during daylight 
hours when pumps were not operated. Finally, the sea water 
itself at Kure Beach reaches temperatures during the summer 
months that may average 83 F with occasional peaks of 86 F. 
The only effect on the mussels appears to be to stimulate their 
growth instead of killing them in 80 hours or so, as indicated in 
Fig. 3 of the Chadwick paper (4). 

Perhaps the absolute temperature is not as bepestent as the 
extent and rate of increase in temperature above normal in 
determining the killing effect. . 

All this means, of course, is that the heat-treatment required to 
kill mussels will have to be established for each location, and re- 
sults secured at any plant cannot be used as more than a Tough 
guide as to what might be successful elsewhere. 

Having in mind, also, the indications in Fig. 10 of Mr. White’s 
paper (3), which show that some mussels are much hardier than 
others, attention might be given the possibility that the offspring 


of the survivors of a killing treatment in its early stages may be- 


, come conditioned to it. In time, as the number of survivors in- 
creases, it may be necessary to make the killing treatment pro- 
gressively more severe. 

In appraising the results of tests made in the laboratory, due 


'4In Charge, Corrosion Engineering Section, Development and 
Research Division, The International Nickel Company, Inc., New 


FEBRUARY, 1950 


consideration must be given to the possibility that the laboratory 
environment, in a general way, may be unhealthy. The mussels 
in the laboratory may, therefore, be more vulnerable to destruc- 
tion. On this basis, therefore, the data indicating probable life 
at temperatures approaching normal may reflect largely the 
ability of the mussels to survive in the laboratory environment. 
It would be prudent to assume that in practice, killing treatments 
may need to be more drastic than indicated by laboratory studies. 

In reports of the killing effects of chlorination it is necessary to 
define how the determination of residual chlorine content is made. 
It has been discovered" that with sea water the common ortho- 
toluidine colorimetric method indicates a chlorine concentration 
which is about one half that shown by the standard starch-iodide 
method or by titration with methyl orange. For practical use of 
results, all that is required is that the method of measuring 
chlorine be defined or described so that it can be followed by any- 
one else, 

With regard to effects of chlorination on corrosion, some recent 
tests at Kure Beach have shown that corrosion of 70:30 cupro- 
nickel alloy is reduced by continuous treatment with chlorine to a 
residual of 0.5 ppm (ortho-toluidine) and at water velocities up to 
10 fps. Intermittent treatment with concentrations up to 3 ppm 
resulted in a slight increase in corrosion at the highest velocity, 
with the effect being greater with the longer the interruption of 
treatment. In general, the observations at Kure Beach, with re- 
spect both to killing effects on organisms and possible corrosion of 
metals, would favor continuous treatment at low chlorine con- 
centrations (0.5 ppm ortho-toluidine) as compared with inter- 
mittent treatments at higher concentration. ° 


R. B. Martin."* During informal discussion following the 
meeting, particular attention was directed to the exceedingly 
high ($50,000) estimate of annual chlorine requirements for 
the Redondo Steam Station (4) which appeared out of keep- 
ing with the chlorine rates and accomplishments discussed 
by Mr. Patten (2) for the Lynn Gas and Electric Company. 
The other papers and discussions also gave rise to the suggestion 
that moderate and economical combinations of chlorine with 
elevation of water temperatures to accelerate the life processes of 
the macroorganisms could be counted upon to produce equally 
good results at a probable saving in heat and in chlorine. Men- 
tion was made during the discussions of the continuing experi- 
mental work at Kure Beach, N. C., and elsewhere, wherein it is 
expected that extensive tests can be conducted to prove the 


value of combinations of low chloriné residuals and moderate ; 


elevations of temperatures. 

As applied to the Redondo operating conditions, for example, 
the Lynn methods might call for an annual chlorine consumption 
for marine fouling of $6000 for the two condensers now operating, 
to which might be added $600 for 26 weeks of normal intermittent 
chlorination of the 90,000 gpm for slime control; whereas a com- 
bination of chlorination with the present use of $800 of appried 
heat would use not more than $70 of chlorine for the 13 annual 
periods of 4 hr of heating. This combination should show also 
some promise of alleviating the marine fouling in the pump-suc- 
tion chamber, and in the discharge piping from the circulating 
pumps to the condenser-inlet water boxes. 

S. T. Poweti.” The growth of marine organisms in water- 
death ating tunnels is a serious problem in the operation of many 


16 “(“orrosion of Steel Pipe by Chlorinated Sea Water at Various 
Velocities,"”’ by V. B. Volkening, paper presented at NACE annua! 
meeting, Cincinnati, Ohio, April 14, 1949. 

1¢ Industrial Division, Wallace & Tiernan Products, Belleville, 
N. J. 

17 Consulting Chemical Engineer, Baltimore, Md. Fellow ASME. 
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steam-generating plants using sea water for condenser cooling. 
This Symposium is most timely and should influence greatly the 
design of the intake tunnels in stations which are to be built in 
the future. These problems have been encountered and their 
importance recognized throughout the werld, and it is surprising 
that control procedures merely by elevation of temperature have 
not been more universally practiced. 

As early as 1903 an attempt was made to control the marine 
growth in tunnels by the addition of copper sulphate. This 
treatment was practiced by the Cargo Fleet Iron Company Ltd. 
of Middlesbrough on the northeast coast of Great Britain. 
Some beneficial results were obtained from the use of this chemi- 
cal but the results were not wholly satisfactory. Subsequently, 
an extensive investigation was undertaken by Dr. James Ritchie 
of the Royal Scottish Museum in Edinburgh. 

.The investigation was made to develop a procedure for pre- 
venting the growth of mussels in submarine shafts and tunnels at 
the Westbank Electricity Station at Portobello. The earlier 
work was supplemented by an investigation to develop operating 
procedures to prevent blocking of the Portobello tunnels by sea- 
weed. A number of forms of chemical treatment were studied, 
including the use of chlorine compounds, sulphuric acid, copper 
sulphate, and other chemicals. Other studies were carried out 
concurrently to determine the value of temperature variation for 
the control of mussels and other marine growth adhering to the 
walls of the tunnels and shafts. 

It is most interesting to note the similarity of the findings of 
the present authors, and those of Dr. Ritchie reported more than 
twenty years ago. The recommendations made by Dr. Ritchie 


_as a result of his comprehensive study are presented verbatirh in 
_ the following: 


1 “That a reversed current or outflow of heated sea water be 
passed down each tunnel, and that it be passed until all the 
. water in tunnel and shafts has attained a minimum temperature 
of 110 F, by which time all the mussels will have been killed. 

2 “That it is unnecessary to pass such heated water daily or 
éven weekly, but that to prevent undue development of the 
mussels in the tunnels the heated current be passed once every 
four weeks during the spatting season. : 

- 3 “That, for all practical purposes, the spatting season and 
the season during which douching must be continued, may be 
reckoned from the beginning of March until the end of October. 

4 “That immediately after the first application of the above 
recommendations control observations be made at the grid on the 
end of the sea-shaft to test the efficacy of the heated overflow.” 


The principal difference in the findings of the two groups of 
investigators appears to be the top limit of the temperature re- 
quirement for prevention of the growth and development of the 
marine organisms. However, at the Portobello investigation, it 
was definitely demonstrated that the temperatures below 100 F 
were very effective, but the higher temperature was recom- 
mended to insure as complete control as possible. It is conceiva- 
ble, also, that there are different types of organisms encoun- 
tered at the Portobello Station than those at Redondo and Lynn 
Harbor. 

It would be interesting to evaluate the efficacy of the treat- 
ment on the different organisms found at the two stations. It is 
recognized of course that, as the temperature to which the 
water heated is increased, the cost of the treatment increases, 
and it is obvious from the standpoint of economy that the 
temperature should be raised only to the point at which the 
efficacy of the treatment is commensurate with the increased 
operating cost. 

The writer was interested to note that the authors of these 
papers have drawn attention to the fact that this form of treat- 
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ment is not a substitute for control of bacterial slimes forming on 
condenser tubes, but the thermal treatment is a specific correc- 
tive measure for the control of shelled mussel growth. It would 
be interesting to evaluate the increased rate of growth of bac- 
terial slimes resulting from the occasional increase in the tem- 
perature of the water. It is possible that the growth of bacteria 
responsible for slimes might increase because of the more favora- 
ble temperature of the water during the life cycle of the or- 
ganisms. Other factors may be encountered because of the 
changing biology of organisms present in the water resulting 
from the elimination of the mussels. 


Lester RanpatL™ anp D. Dovuatass.” Favorable results 
in the control of marine fouling by intermittent chlorination at 
the steam station of Stamford Gas & Electric Company were 
obtained January, 1942, to August, 1945. The tests relate to a 
25,000-kw installation which started operation in 1942. The 
circulating-water pipes carrying the sea water from the pumps 
at the screen well are 3 ft diam and have a total length of 262 ft. 
The load conditions have been such that the reported velocity of 
5 fps has been maintained almost continuously. The present 
schedule of chlorination consists of feeding 60 min per 24 hr and 
maintaining a residual chlorine concentration of approximately 
0.5 ppm at the condenser discharge. 

The amounts of marine fouling removed annually from the 
circulating-water pipes were as follows: 

Marine fouling 


Year removed, cu ft 


1945 
1946... 
1947... 


Continued accumulation of marine fouling at rates in excess of 
200 cubic feet per year in the pits where chlorine had not yet dis- 
persed, indicates corresponding accumulations would have con- 
tinued in the pipes if chlorination had not been applied. The 
accompanying charts, Figs. 1 and 2 on the following page, show 
typical water temperatures in the intake, but it should be noted 
that these are in excess of natural sea-water temperatures for the 
locality because of partial recirculation of the heated circulating 
water. 


G. K. Saurwetn.” The Cannon Street Station of the New 
Bedford Gas and Edison Light Company is located on tide water 
at the mouth of the Acushnet River on Buzzards Bay. It was 
built by Stone & Webster in 1916. Several extensions have been 
added through the years and now the station has the following 
installed capacity: 

1 10,000-kw unit at 210 psi, 500 F temperature : 

2 15,000-kw units at 210 psi, 500 F temperature 

2 20,000-kw units at 210 psi, 500 F temperature 7. 

1 25,000-kw units at 875 psi, 900 F temperature 

1 7500-kw topping unit at 875 psi and 850 F temperature 


There is currently being installed a 30,000-kw 900-psi unit. 

The units now in service require about 90,000 gpm supplied 
through a traveling screen house and an 11-ft-wide 6-ft-high in- 
take tunnel running the length of the powerhouse, about 450 ft, 
with several suction wells each about 10 ft X 18 ft. This tunnel 
had no gate or other means for stopping off the water, and has 
never been cleaned. 

About 20 years ago shell material began to get into the con- 

18 Engineer, Ebasco Services, Inc., New York, N. Y. 

19 Superintendent of Power, The Hartford Electric Light Company, 
Hartford, Conn. Mem. ASME. 

20 Mechanical Engineer, NEGEA Service Corporation, New Bed- 
ford Gas and Edison Light Company, Cambridge, Mass. 
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denser water boxes requiring shutdowns for cleaning. Shell 
trouble varied greatly from year to year; some seasons quantities 
were very large, and in others almost negligible. This trouble 
was not very disturbing during the 1930's when 
‘plenty of spare capacity in the station. However, when war 
activity began and load increased, these interruptions were serious. 
In 1939 R. D. Stauffer, chief engineer of the system, con- 
ceived the idea of providing a large-size blowdown connection 


there was 


at the bottom of the inlet water boxes. Twenty-inch ‘‘blow-down”’ 
connections were installed on the 20,000-kw units and 16 in. on the 
15,000-kw units. These cut the time of cleaning water boxes 
from 1'/2hrto7 min. This of course did not remedy the tunnel 
condition, More shell material was continually accumulating 
and obstructing the flow of water. Examination by diver in 
1943 showed that the sides and roof were encrusted with matted 
seaweed and mussel shells to a depth of 6 in., and the accumula- 
tion of material on the floor varied from 1 ft to as much as 3 ft in 
depth. 

Due to the summer population of Cape Cod, the peak load on 
this plant oceurs during the summer months, when the water is 
warm, use of condensing water greatest, and activity of the mus- 
sels at a maximum. To stop condenser plugging, it is impera- 
tive that the tunnel be cleaned. Therefore it was planned to 
install a gate in‘ the tunnel, and to provide auxiliary condensing- 
water supply to the three largest units in the plant which will 
carry week-end loads. The tunnel may then be shut down over 
one or more week ends for the cleaning operation. 

Three 15,000-gpm vertical pumps have been installed and con- 
nected by concrete and cast-iron piping to the 25,000-kw and the 
two 20,900-kw units. 
may serve the new 30,000-kw unit now being installed, leaving 
one spare pump. 


The discharge tunnel contains none of this material. 


These pumps are so arranged that two 


An 8-in. vertical dredge pump has been provided for handling 
the solid material. It will be lowered into the tunnel at con- 
venient points along its length. When the auxiliary condensing- 
water pumps are in service, the tunnel gate will be closed and the 
tunnel pumped down to a 2-ft depth of water which will be main- 
tained for flowage of the solids to the dredge pump. 

A crew will then enter the tunnel with spades, serapers, and 
rakes to move the solid material to the dredge pump. The pump 
will discharge through a pipe line laid with dresser couplings to a 
About 500 cu yd of material will 
-have to be removed from the tunnel and the pumpsuction pockets. 

The first chlorinating equipment was installed in the plant in 

1937, when a 720-lb per day unit was put in. In 1940 this was 
replaced by two 2000-lb per day units. This equipment con- 
trols slime well but could not remedy the mussel condition. On 
October 3, 1943, officials of the company met at the plant with 
representatives of the Wm. F. Clapp Laboratories to examine the 
tunnel and discuss remedies. It was suggested then that higher 
rates of chlorination be used to give up to 3 ppm residual at the 


collection point at the dock. 


condenser tail pipes. However, larger chlorinating equipment 


has not been installed to date. A plan is now being considered of 
light intermittent dosing of about 3'/: ppm tor slime control and a 
heavier continuous application during the summer months for 
mussel control. According to the Lynn experience, continuous 
chlorination during the summer with a résidual of only 0.25 to 
0.50 ppm will be effective. After removing the accumulation of 
solids from the tunnel it will be possible to keep it clean. 
condensing-water installation and tunnel- 
cleaning equipment will approach $100,000. 
tions will be reported when completed. 


Cost of, auxiliary 
Cleaning opera- 
CLosvurReE TO Parer (3) By H. FE. Wurre 


The wide recognition of the importance of this project is evi- 


denced by the breadth of discussion, which has significantly en- 


1 


DISCUSSION ‘Mi 
hanced the value of the original papers. 
ciation of the background work expressed by Mr. Hume is par- 
ticularly gratifying. 

Dr. Battle’s interesting discussion includes an outline of a 
rational procedure for studying the killing of mussels while very 
Presum- 
ably, this would lead to continuous treatments at times deter- 
mined by the active spawning periods, Certain of the proposals 
advanced might also bring improvement in existing methods of 
-control: 


The specific appre- 


young, immediately upon arrival in an intake tunnel. 


1 Killing treatments for embryonic mussels can be success- 
fully studied in the laboratory. 

2 Spawning periods, although at some sites independent. of 
water temperature, might be predictable with the aid of supple- 
mentary factors, 


In case predictions were inaccurate, or unintended interrup- 
tions of the proposed treatments occurred, shelled mussels might 
develop and make necessary « return to types of treatment suit- 
able for the adult form. 

The possibility of destroying the mussels’ attachment threads 
would make an interesting study, although preliminary trials 
The material 
resists long exposures to free chlorine approximating 100 ppm. 

We are indebted to Mr. Elliott for extending the geographical 
range of observations to Panama where marine fouling organisms 
live at a minimum sea water temperature of 70 F, and 115 F is 
required for 30 minutes to give commercially acceptable control. 


were not encouraging for commercial application. 


It is striking that, where impounding basins may give tempera- 
tures of intake water exceeding 100 F during normal operation, 
the killing temperature may be only about 15 F higher. 

Mr. Escourt’s report further extends the range of data to San 
Francisco Bay. In that area, apparently, detached mussels are 
swept along the floor of the tunnel by the flowing water to the 


Al- 


though somewhat similar action does occur on the East Coast 


traveling screen and are there carried upward for disposal. 


with the lesser masses of small mussels, the typical thick mat in a 
zone ineffectively treated may merely fall to the floor and remain 
An accumulation from 1 ft to 3 ft 
deep of fouling debris in the tunnel at New Bedford was reported 


as a stationary obstruction. 
by Mr. Sauerwein. Greater depths have occurred elsewhere. 
Apparently, the volume of fouling carried along the tunnel to be 
lifted by a traveling screen would depend upon the effective water 
velocity and the size and effective specific gravity of the indi- 
vidual masses after detachment. 

With reference to the use of rubber lining as a means of discour- 
aging attachment of mussels, this might receive more detailed 
observation to determine the period for which the rubber surface 
would remain an effective retardant. 

Mr. Heinemann reports that the typical winter temperature 
of the water at Corpus Christi is 60 F with continuing summer 
temperatures in excess of SO F and that, in other Gulf Coast areas, 
growth of mussels is extremely prolific with natural water tem- 
peratures of 90 F. As these higher temperatures would kill 
mussels in the vicinity of Massachusetts in a few days, these 
Gulf Coast mussels obviously require higher temperatures for 
killing than those on the East Coast as he points out. It is also 
interesting that approximately complete killing is accomplished 
at Corpus Christi by continuous chlorination within four days at 
80 F, suggesting that the resistance of mussels on the Gulf Coast 
to chlorination may not differ greatly from that of the mussels 
along the The further which Mr. 
Heinemann suggests should add to the understanding of fouling 
control, 


northern coast. studies 


Mr. Hume’s observations at Seal Beach Station on the ineffec- 
tiveness for mussel control of “‘soaking” chlorination over a week 
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end and the usual intermittent chlorination for slime control are 


in general accord with the test curves for chlorination. For ac- 
complishing control within week-end intervals, killing may be 
accelerated by temperature rise. 

Dr. Hutchins concludes that short, intermittent periods of 
chlorination are ineffective for killing shelled mussels and that 
longer periods of several weeks each would be much more effi- 
cient. This thesis is thoroughly suppofted by observations at 
Lynn, but variant cases reported in the symposium include sta- 
tions at Stamford, Connecticut, and at Corpus Christi, Texas, 
although the partial recirculation may be a factor at Stamford. 

Mr. LaQue’s conclusion that conditions in tunnels of power 
stations may differ from those in small-scale tests is substantiated 
by specific observations. For example, mussels may have been 
permitted to gather into a continuous thick mat on the walls of 
the tunnel before the killing treatment is applied. This diverts 
the main current of water and may greatly extend the time re- 
quired for the treatment to take effect on the organisms closest to 
the surface of the wall. In this case, the treatment requiréd in 
the tunnel may be considerably longer than a laboratory test on 
individual mussels would indicate. Notwithstanding, it may be 
noted that the small-scale tests are generally applicable to the 
treatment actually reaching the individual mussel of a mat. 

Another factor which may be important is the time of travel 
of the water through the tunnels. For a long tunnel this might 
be a half hour or more at light load. During such a period, the 
free chlorine initially available for killing at the point of intro- 
duction might be largely consumed by the accumulated organisms 
on the walls before reaching the farther end of the tunnel. Again, 
it may be noted that the small-scale tests indicate the concen- 
tration of chlorine which must actually reach the individual 
mussel in the commercial installation. 

Mr. LaQue suggests that the second generation of mussels may 
have much more resistance to a given temperature treatment 
than the predecessors. This is probably so. Apparently, how- 
ever, it is unnecessary to wait for a second generation, as limited 
observations indicate resistance of a given group of mussels to a 
given heat-treatment may increase within a few weeks. 

Mr. Martin’s suggestion as to possibilities of moderate tem- 
perature increase to minimize chlorine consumption may find 
application where moderate recirculation is already available, as 
for ice control. 

Mr. Powell refers to the commendable pioncering work of -Dr. 
James Ritchie. Dr. Ritchié showed that fouling could be con- 
trolled by heating without use of chlorine. As suggested by 
Mr. Powell and as clearly demonstrated by the present svm- 
posium, there is a wide variation in the required duration of 4 
given killing treatment at different sites. It was, therefore, neces- 
sary to make specific tests at Lynn and Redondo to approximate 
reliable control schedules. The present paper includes, in addi- 
tion, charts of specific effects of temperature on chlorination and 
approximate comparison of chlorination with control by tempera- 
ture alone. 

Messrs. Randall and Douglass report continued satisfactory 
commercial control of marine fouling at the steam station of 
Stamford Gas and Electric Company while using intermittent 
chlprination 60 minutes per 24 hours with a residual chlorine con- 
centration of approximately 0.5 ppm at the condenser discharge. 
Possibly, the temperature rise from partial recirculation outside 
this station simulates to a degree the results at Panama where 
controlled external recirculation gives effective control by tem- 
perature alone. 

Mr. Sauerwein’s discussion illustrates limitations which de- 
velop where peak loads occur when growth of marine fouling is at 
a maximum. Possibly a contributing cause of the previous in- 


effectiveness of chlorination at Cannon Street station was an 
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insufficient period of treatment, particularly at the base of the 
thick mass of accumulated mussels. 
Economics 

Messrs. Blais, Elliott, Esteourt, Hume, Hutchins, Martin and 
Powell raise questions concerning the relative economic value of 
chlorination as compared with temperature rise alone or combi- 
nations. This was mentioned only briefly in the paper. Eco-— - 
nomic selection of treatment might be based logically on con- 


item 


deseribe 
in the 
ditions at each individual station; particularly on (a) the steam respect 
consumption characteristies of the, main turbine units, (a) the 
expected electrical load conditions, (c) the feasibility of reversing 
the flow of circulating water, and (d) the resistance of the local 
fouling organisms. 


volunta 
tray, Vo 
untary ¢ 
traction 


Where the temperature rise for control‘of marine fouling is ob- mussel : 


tained by partial recirculation of the circulating water, a reduc- secretiot 
tion in vacuum on, the main turbine generally occurs. For sta- Recoy 
tions designed for stand-by service, the temperature rise of the Under : 


circulating water through the condenser may reach approxi- 
mately 20 F with no recirculation. Under these conditions the 
additional rise required for the desired killing treatment may be 
moderate. Many turbine generators recently installed are of the . 
“preferred standard” type. As is well known, the effect of re- 
duced vaccum on steam flow to the throttle for this type of tur- 
bine may be almost negligible at the high loads. In other words, 
for this particular design of turbine, under prevalent electrical! 
loads water may be heated with very little increase in station fuel 
rate. For turbines of other designs and other loads, however, the 
costs might be considerably higher. 

Where killing is desired within the minimum time from the be- 
ginning of treatment, as during a holiday shutdown, minimum tached ¢ 
elapsed time would’ be expected if treatment were continued until - carefull 
final death, as in the tests of the present paper. Where the cost . the shall 
of heating water is low, this may be a convenient practice. On 
the other hand, where heating cost is significant and time is availa- possible 
ble between treatment and delayed death, the cost of treatment would r 
may be significantly reduced, under some conditions at least, range o 
merely by reducing the duration of the treatment, as brought out cimens 
by Dr. Fox. . 
Test Procedure 


conditio 
time an 
urgent 
sented 
in the te 
ure spec 
Local te 

Sever: 
percents 
source O 
had ocet 
flotation 


bubbles 


cation 
treatme 


Dr. Hutchins and others were interested in details of test pro- <ubsequ 
cedure used, particularly for possible comparison of reported re- for the | 
sults with those obtained by other procedures at widely separate factors 
sites. For reasons of space limitations, much detail was omitted 4 Whil 
from the original paper. The following amplifying comments is hopec 
may be helpful in interpreting the test procedure. . which 1 

At the outset of the project the results of Dobson's?! test were observa 
the most specific published data found for mussels in the New directio 
England area. At least approximately comparable results the dur 
seemed desirable. Fundamentally Dobson’s procedure was taking 
adapted to indoor manipulation by the equipment described in may st 
the present paper. The principal deviation from Dobson's pro- peratur 
cedure was that the tests were continued until all specimens were It wo 
considered dead, The reason for this was the considerable incre- data o1 
met in the length of treatment required to kill the last survivors. ditions 

Specimens were retained in the trays under treatment until all ing dir 
were “dead.” The criterion used to détermine the time of death differen 
was the time when specimens no longer responded to a sharp We c 
needle applied to the soft tissues between the reopened shells. in exte! 

When the killing treatment was discontinued before elapse of sites to 
a substantial portion of the time required for final death of all - in varie 
mussels in the test tray, the following results were observed A rath 
under New England:conditions: pation 

1 A few mussels had already reached final death. Com 
cilitate 

*t The Control of Fouling Organisms in Fresh- and Salt-Water posed, 
Circuits, by J. G. Dobson, Trans. ASME, vol. 68, 1946, pp. 247-265. : types ¢ 
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Some mussels which survived the treatment period died 
subsequently, even in sea water at atmospheric temperatures. 
. 3 Other mussels which survived the treatment did not die 
subsequently when returned to sea water at atmospheric tem- 
peratures but instead recovered to various degrees. 

Item 1 is as expected from the principle of progressive killing 
described in the paper. Item 2 is illustrated by data by Dr. Fox 
in the paper published on pages 127-132 of this issue. With 
respect to item 3, various degrees of recovery were evidenced by: 
voluntary closing of shells after water was poured from the test 
tray, voluntary opening of shells when water was replaced, vol- 
untary extension of the mantle from between the shells and re- 
traction, extension and retraction of the foot, movement of the 
mussel along the floor of the tray, climbing of side wall of tray, 
secretion and attachment of new byssus threads. 

Recovery was very gradual, in some cases occupying weeks. 
Under such circumstances positive determination of the final 
condition of the specimens would have consumed much more 
time and attendance than was available. Therefore, to meet 
urgent engineering requirements, all treatments of the tests pre- 
sented in the paper were continued until final death of all mussels 
in the test tray, to assure positive killing. The numerical values 
ure specific only for the location, times, and treatment stated. 
Local tests are recommended for each individual site. . 

Several sources of uncertainty were observed to arise in a small 
percentage of cases under the procedure adopted. 
source of error was the deferred opening of the shells after death 
had oceurred., This delay was detected, in some cases at least, by 
flotation of the specimen. 


One possible 


In cases where the shells were at- 
tached close to the bottom of the test pan, flotation was shown by 
carefully cutting the retaining threads. Delay in the opening of 
the shells was also indicated at times by the release of minute gas 
bubbles from between the shells of an individual mussel, Other 
possible sources of error were observed, but formal discussion 
would require more specific and detailed observation over a wide 
range of conditions. Where time of death was uncertain, spe- 
cimens were eliminated from the tests. Since practical appli- 
cation of the small-scale tests would require observation of a given 
treatment under actual conditions of commercial operation and 
subsequent readjustment, the results were considered adequate 
for the purpose of the exploratory tests if applied with reasonable 
factors of safety. 
While the immediate engineering objectives have been met, it 
is hoped that others will have opportunity to develop refinements 
which will lead to more precise control through more detailed 
observation, 
direction, a» illustrating specifically the possible reduction in 


Data by Dr. Fox is a valuable contribution in this 


the duration of a treatment in the upper temperature range by 
taking advantage of delaved death. 
may study the possibility of similar reduction in the lower tem- 
perature range, appropriate to chlorination. 

It would appear necessary to have available more vbservational 


It is hoped that others 


data on the reaction of the organisms under the various, con- 
ditions of habitat and at various temperature levels before mak- 
ing direet comparison of results obtained at different sites by 
different procedures. 

We concur with Dr. Hutchins thai there would be great value 
in extending the observations of killing treatments at many more 
sites to show the maximum range of the reaction of the mussels 
in various geographical locations for different vears and seasons. 
A rather simple test procedure might encourage wider partici- 
pation by regular operating personnel of industrial plants. 

Comparison of results obtained at different sites would be fa- 
cilitated if test procedures could be standardized as originally pro- 
posed. In this Dr. Fox concurs. For the present, possibly two 
types of procedures might be set up: 
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1 A test, for adoption where opportunities permit, for more 
precise observation at a given site by a suitably equipped bi- 
ologist. 

2 A simpler procedure which might find wider use by per- 
sonnel of industrial plants. 

In any case, it would seem appropriate to examine further the 
procedure for determination of residual chlorine as proposed by 
Mr. LaQue. 


CLosure To Paper (4) By W. L. Cuapwicr, F. 
AnD D. L. Fox 


S. CLARK, 


The authors are grateful for the interesting and valuable com- 
ments contributed in the several discussions of their paper. 

Mr. Elliot and Mr. Esteourt have asked about selection of 
pipe diameter for the sea lines. Several factors influenced the 
choice of diameter, the principal ones being cost and availability. 
The first units at Redondo Steam Station were constructed under 
an extremely close time schedule and many items were selected 
because of early delivery. In the early stages of design, considera- 
tion was given to the use of 9-ft-diam pipe, which would have 
given reasonable maximum velocities and friction losses, even 
allowing for a considerable accumulation of marine growth and 
debris. Flow calculations were based on Williams’ and Hazen’s 
formula for friction coefficients of 120 initially and of 90 for ex- 
treme allowable fouling. 
available and, hence, 


However, when contract bids were 
when construction costs and deliveries 
could be considered, it was found that one bidder had forms and 
equipment for handling 10-ft-diam pipe already available, and 
that the 10-ft-diam pipe was offered with earlier delivery at prac- 
tically the same installed cost as the 9-ft-diam pipe. Accord- 
ingly, the choice was made on this basis. 

Mr. Esteourt also inquired as to the effect of temperature 
control on the portion of the cireulating-water system between 
the screens and the condenser. During the 1949 season, elevated 
temperatures have been employed throughout the entire salt- 
water circuit with beneficial results. The fouling has been greatly 
reduced in the condensers and in the lines between the condensers 
Furthermore, a marked reduction in the amount. 
of slime adhering to the condenser tubes has been noticed during 
this period. At this time (November, 1949), chlorine has not 
heen used for 16 months, either for mussel or slime control, 

Dr. Hutchins and Mr. Martin have questioned the estimated 


and the gates. 


annual cost of chlorination, The estimate may seem high, but 
it Was based on the rate of chlorination which experience in this 
area has indicated would be necessary to obtain satisfactory con- 
trol of the severe fouling which would be expected at Redondo. 

The authors would like to emphasize that at Redondo Steam 
Station provision for elevated-temperature control of the fouling 
Since along the 
exposed coast at the plant site an accessible intake structure was 
not feasible, full provision for reversal of flow was necessary in 
order to provide for chlorination from the shore, hence only a 
small additional capital expenditure was required in order to 
permit raising the temperature of the discharge. 

The authors are indebted to Mr. T. M, Hotehkiss for his able 
assistance in the preparation and presentation of the paper 


did not involve a significant increase in cost. 


Mr. Blair mentions Mytilus californianus as the most common 
fouling mollusk on the Pacific Coast. In this connection it 
should be pointed out that Mytilus edulis likewise oceurs on the 
Pacific Coast in vast numbers, and that it is, in fact, more toler- 
ant 
Mytilus californianus. 


thermal extremes than is 


Mytilus edulis constitutes by far the most 


toward both heterosmotic and 


prominent fouling organism in sea-water conduits on the South- 
ern California coast. 

The point raised by Messrs. Elliott, Heinemann, LaQue, and 
Powell, regarding the relative thermal resistance of fouling organ- 
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isms as correlated with temperatures prevailing in their natural 
habitat, is very -well made. This is indeed a recognized fact 
which applies to physiological races of the same species. Mytilus 
edulis, being a widely distributed form, is an outstanding example 
of thermal adaptability. This matter should always be kept in 
mind if construction of new sea-water tunnels is to be undertaken 
at contrasting latitudes. 

Concerning the temperature and time thresholds for killing 
mussels at Lynn, it will be of great interest to learn exactly what 
kind of observational data were collected for the recognition of 
death or approaching death. A mussel which has received lethal 
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thermal treatment may not necessarily die on the same day but 
may expire a day or two later, even after cool flowing sea-water 
has been restored. 

Failure to spin new byssus threads, persistent gaping of the 
valves, even after mechanical stimulus, or “‘sulking”’ (i.e., re- 
maining with valves continuously closed) for long periods, after 
the return from a warm environment to water of normal tem- 
peratures, are recognized signs of moribundity. Needless to say, 
such signs are of paramount importance if one is to make accurate 
determinations of the critical temperature and time required for 
lethality. 
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- Forming of a Plastic Sheet Between Fixed 


Cylindrical Guides With Coulomb Friction 


By H.1. ANSOFF,;SANTA MONICA, CALIF, 

The purpose of this investigation was to obtain a rigor- 

ous analysis of the drawing of a plastic sheet between two m= \, Seer. 
fixed cylindrical surfaces. A number of solutions have = ‘ <= 
recently been given (1, 2, 3, 4, 5)* in which the following Fig. 2 shows this circle and, in particular, the points represent- 
fundamental assumptions are used: (a) The material be- ing the stresses transmitted across the various surface elements 
tween the cylinders is in a state of plane plastic flow and shown in Fig. 1. It should be noted that the angle between any 
behaves according to the Saint Venant-Mises theory; (6) two points on the circumference is twice the angle between the 
the normal stress in the direction of drawing ¢, and the — eorresponding elements of Fig. 1 
normal stress at the boundary cg, are the principal stresses, \: =. 
(ec) the horizontal stress ¢, is constant over each cross sec- y : 
tion. In the present treatment only assumption (a) is ' Twax* SECOND SHEAR DIRECTION 
retained. Shevchenko (4) has recently solved this problem 
assuming that the shearing stress at the walls is propor- \ 
tional to the relative velocity between the wall and the 
plastic material. 


MIN 


Srress DisTRIBUTION IN PLANE FLow 


( . YNSIDER the plane flow of a plastic material in the x, y- 
plane and let ¢,, ¢,, and ¢, be the normal stresses in the 
zx, y, and z-directions, respectively, and r,,, 7,,, Ty, the 

shearing stresses. For plane plastic flow 


t,, = Oando, = 


vz Stress DistRipuTion IN A PLANE 
Thus the state of stress can be described completely in terms 
‘of o,, o,, and r,,; the latter stress component, for convenience, 
will be dendted 

The dependence of the stress components on the orientation of 
the co-ordinate axes is easily described by means of Mohr’s‘ circle. 
Consider an arbitrary point P in the stressed medium and let a 
surface element through P and perpendicular to the z, y-plane be 
rotated continuously about the parallel to the z-axis through 
P, Fig. 1. Further, let a denote the counterclockwise angle be- 
tween the element and the negative y-axis and og and rg, the 
stresses transmitted from the unshaded to the shaded side of (yin 2) 
the element. Thus, for example, oo = ¢,, 7) = —r and o,/2 = 
oy, Te/2 = 7 a8 shown in Fig. 1. Now, for any given position of 
the surface element, the stresses transmitted across it are repre- Wes 2 Bandits Comin Po 4 
sented by the co-ordinates of a point on the circumference of a 


circle with center + o,)/2, 0] and the radius equal to the 
The following terminology will be used in the subsequent dis- 
maximum shearing stress , 


- cussion. At two definite angles a = a1 and a@ = ai = at + 4/2 
the normal stress becomes maximum and minimum, respectively, 


' The conclusions presented in this paper were obtained in the 
course of research conducted under Contract N7onr-358 sponsored 2nd the shearing stress vanishes. The directions defined by ar 
jointly by the Office of Naval Research and the Bureau of Ships. and ai, Fig. 1, are called the “first” and “second principal direc- 
The paper forms the first part of a thesis submitted in partial fulfill- tions,” respectively. The shearing stress becomes maximum 
ment of the requirements for the degree of Doctor of Philosophy in f th + w/4 4 

Applied Mathematics at Brown University, Providence, R. I., August, angles and @ 
1948. The corresponding directions are called the “‘first’”’ and “second 
* The Rand Corporation. Jun. ASME. shear directions,”’ respectively. Thus the first shear direction is 
Numbers in parentheses refer to the Bibliography at the end of along the bisector of the counterclockwise angle between the 


‘ See, for example, reference (8). first and the second principal directions. In the follow ing it will 
Contributed by the Metals Engineering Division and presented at be convenient to omit the subscripts and to designate the angle 
the Semi-Annual Meeting, San Francisco, Calif., June 27-30, 1949, between the negative y-axis and the first shear direction by @ 
AMERICAN Soc MEcHANICAL ENGI? 
ocistr or Macuamcat The curves in the z, y-plane which are everywhere tangent 
Note: Statements and opinions advanced in papers are to be . - 


st she: j »t} ilv i 
understood as individual expressions of their autbors and not those t@ the first shear direction form the “‘first family of shear lines. 
of the Society. Paper No. 49—-SA-22. The “second family of shear lines” is similarly defined as the 
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family of curves which is everywhere tangent to the second shear lhe characteristic equations of the system, Equations [7], are 

* direction. Shear lines of different families intersect. each other : F 
at right angles. . [8a] 

& 

is The discussion in the preceding section applies generally to the de = tan @......... . . . [8d] 


If the stressed 
-- material is elastic, then the radius of Mohr’s circle varies with 
_ the position of the point ?. If, on the other hand, the material 
is in the plastic state, then, actording to the Saint Venant-Mises 

theory, the maximum shearing stress has 2 constant value k 

throughout the plastic region. Accordingly,- Mohr’s circle has 
_ the same radius & for any point P in the plastie region and the 
_ stresses in the plastic region are then related by 


state of stress under conditions of plane strain. 


le 


(eo, — + 47* = 


- If body and inertia forces are neglected, the equilibrium equa- 
tions take the form 


a= 


7 
iT 
7 Under appropriate boundary conditions, Equations [1] and 
[2] completely determine the state of stress in the medium with- 


out reference to the ‘stress-strain laws. The problem then is 
statically determinate. 
With 


the stresses may be Written in the following form, see Fig. 2 


o,/k = 2w + sin 26 
o,/k = 20 — sin 20? .............. [4] 
t/k = — cos20 


In Equations [4], w is one half of the mean normal stress divided 
by the yield stress in pure shear k, and @ is the angle between the 
negative y-axis and the first shear direction. 

Substitution of Equations [4] into [1] vields an identity, and 
_ substitution into Equations [2] yields 


w, + 6, cos 20 + @, sin 20 = 0 
w, + 8, sin 20 — 0, cos 20 = 0 


* where the subscripts z and y indicate differentiation with respect 


these variables. 
Let 
E=wtd, .. [6] 


Substitution of Equations [6] into Equations [5], yields the 
canonic form of the partial differential equations of plane plastic 
flow (7) 


tan = 0 


From Equations [6], it follows that 
4 1 a? ‘6 
-3 


Equations [7] are, therefore, quasi-linear. 


The characteristics satisfying Equation [8a] form the “‘first 
family of characteristics,’ and those satisfying Equation [8b] the 
“second family of characteristics.” 

Substitution of Equatipn [8a] into [7a] yields (9) 


dn = n,dx — n,dy [9] 


Hence 7 is constant along each characteristic of the first’ family. 
Similarly, substitution af Equation [8b] into [7] shows that € is 
constant along each characteristic of the second family. 

Fig. 1 shows that the equations of the first and the second shear 
lines are identical to Equations [8a] and [8b], respectively. 
Hence the first and the second family of characteristics coincide 
with the first and the second family of shear lines. 


BouNDARY CONDITIONS 


The proposed problem is indicated in Fig. 3. A sheet of mate- 
rial in the plastic state is drawn.between two fixed eylindrical 


Fic. 3 


surfaces of radius Rk. These surfaces are assumed to be rigid. 
The thickness of the sheet is 2b, and the angle which the normal at 
any point of the boundary makes with the negative y-axis is 
denoted by y. Along the surface of the upper cylinder, for in- 
stance . 


R sin 
[10] 


x 


In the industrial practice the ratio 6/R is of the order 1/200. 
In order to obtain a clearer idea of the stress distribution, how- 
ever, the ratio b/R = 1/5 will be used in the major portion of 
this paper. (For purposes of comparison with the results ob- 
tained by Sachs (1), the problem has also been solved for b/R = 
1/160. The results are discussed in the next to the last section.) 

The following boundary conditidns are now prescribed: 


(a) The exit’ section AB is assumed free from lateral com- 
pression, i.e., it is assumed that ¢, = 0 along AB. 

(6) A uniform normal stress is assumed to be applied along AB. 

“(c) It is assumed that the shearing stress exerted by the walls 
on the plastic material is directly proportional ‘to the normal | 
pressure and acts in the direction of the relative velocity of the 
walls with respect to the material. From Fig. 4 it is clear that 
in our case the normal pressure p = —o,, where a, is the normal 
stress at the walls. Since no tension can be transmitted by the 
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ANSOFF—FORMING OF PLASTIC SHEET BETWEEN FIXED CYLINDRICAL GUIDES 


walls, ¢, S Oatall times. According to the sign convention used 
in Fig. 1, the direction of the applied shearing stress is positive. 
Hence r, = —fo,, where r, is the shearing stress along the walls, 
and f is the constant coefficient of friction. 


DIRECTION OF \DRAWING 
x = 


On the other hand, according to the Saint Venaat-Mises theory 
the shearing stress cannot exceed k, the yield stress in pure shear. 
The friction law at the walls should therefore be modified as fol- 
lows 


Fic. 4 


fo, for 0 < —fo, <k (11] 
=k for —fo, =k 

From the definitions of @ and ¥, it follows that the angle be- 
tween the tangent to the boundary and the first shear direction 
is @— y + w/2. The corresponding angle along Mohr’s circle 
is 2(@ — y) + m, and the stresses at the boundary are 


= — cos 2(0 y) 

Thus simultaneous solutions of Equations [11] and [12] deter- 
mine the stresses at the boundary. 

The state of stress at a boundary point is represented by a 
Mohr circle with the radius k. The location of the center of the 
circle depends upon the value of w. 
tions of the circle are shown in Fig. 5. 


Three representative posi- 


The graph of +, versus o, satisfying Equations [11] consists 
of a straight line parallel to the o-axis for ¢ < —k/f, and‘a straight 


line passing through the origin with a slope equal to —f for 
—k/f S ¢ < 0, as shown in Fig. 5. The points which this graph 
has in common with the Mohr circle (such as A and B, C and D) 
‘ represent the solutions of the system Equations [11] and [12]. 
As seen from Fig. 5, the angle @ — y for point B is greater than 
x/2. When @ y reaches 2/2, the characteristics of the first 
family become tangent to the boundary and further increase in 
6 — y is physically meaningless. Therefore for any given 
value of w, the point A represents the only solution which has 
physical meaning. 

Examination of Fig. 5 now yields the following ranges of 


If 2w iff, 


If -1/f< 2» <1, 


then = w/2...... 


then 1/2 > y 2 r/4,.... 


Elimination of ¢, and 7, from the first Equations [11] and [12} 
yields, with the aid of Equation [6] 


— 5 sin 28 — cos 28.......... [14] 
where 8 = 6 —- y and the coefficient of friction f has been set 
equal to 0.5. 

The angle y is known at any point on the boundary (see 
Equations {10]). If & is also known, Equation [14] can be 
solved for 8. The result will fall into one of two possible cases: 


(a) If a real solution does not exist, or if 8 > +/2, Equation 
[13a] applies. In this ease 


(15a | 


(b) If the solution is in the range 7/2 > 8 > x/4, Equation 
[136] applies. In this case 


With @ and — now known, ¢, and 7, can be computed directly 
using Equations [6] and [12]. 


SOLUTION IN THE ReGion ABD 


In this paper the term “solution” of Equations [7] shall mean 
a determination of the families of characteristics defined by 
Equations-|8}] and the conditions at the boundary. It has been 
shown in the section “Basic Equations,” that £ and » are con- 
stant along characteristics of their respective families. Thus 
once the characteristic field is determined, the values of both & and 
7 are known at the point of intersection of any two character- 
istics. The stresses at this point are then easily computed from 
these values by meAns of Equations [6] and [4]. 

It will be shown in the next three sections of this paper that the 
solution of Equations [7] can be carried out separately in three 
well-defined regions in the plastic material. The first region 
consists of the right triangle ADB, Fig. 3, the second region of 
two curvilinear triangles ADE and BDH, and the third region of 
the rest of the plastic material between the rolls. The solutions 
in the first two regions are trivial in nature and are called “lost’’ 
solutions for reasons to be pointed out in a later section. 

According to conditions (a) and (b) given in the section *‘Boun- 
dary Conditions,” ¢, = const and o, = 0 along AB, Fig. 3. 
From the yield condition Equation [1], it follows that r is also 
constant along AB. Furthermore, at A the shearing stress 
r = 7, = 0, according to Equations [11], Equation [1] yields 


0 along AB 


This makes AB the first principal direction. 
is constant along AB and is equal to w/4. 


(3) 


Consequently, @ 
Also from Equation 


Gy 


4k 


2 

Then, by Equations |6], € and » are constant along AB and, in 
turn, w and @ are constant throughout the region bounded by 
AB and two rectilinear characteristics AD and BD. Thus ABD 
is a “region of constant stress.’ The first family of character- 
istics, corresponding to the first shear lines, consists of straight 
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lines parallel to AD. The value of » is constant along the char- 


acteristics of this family. The second family is formed by , 


straight lines parallel to BD. The value of & is constant along 
the characteristics of this family. From Equations [6] it fol- 
lows that 


1 
= + — = 1.285 
in region ABD........ {18} 
1 0.285 


Note that Equations [7] are identically satisfied in ABD. 


So.ution In Recion ADE 


Because of the symmetry of the stress distribution with respect 
to the z-axis, the remainder of the solution will be obtained only 
for y 2 0. 

The region ADE is bounded by a portion of the boundary AE, 
a characteristic of the first family AD, and a characteristic of the 
second family DE. All of the characteristics crossing AD f.om 
region ADB have the same value of . Therefore & is constant 
throughout region ADE. 

From Equations [6] it follows that » = & — 26. Hence @ is 
constant along any characteristic of the first family. 
acteristics are straight lines and their equations are found by di- 
rect integration of Equation [8a]. Thus 


y = cot O + [19] 


where f(@)-is to be determined from the boundary values which 
are given by Equations [10], [14], and [15]. Because of the 
transcendental nature of these equations, the following procedure 
is used in determining f(@): ; 

A graph of y — é is plotted versus 8 for the full range of 8 
allowed by Equations [15]. 
corresponding values y and y are determined from Equations 
{10] and, using £ = & = 1.285, the appropriate value of 8 is read 
off from the graph. The angle 6 is then determined from Equa- 
tions [15], and the value of f(@) from Equation [19]. The value 
of — is constant throughout the region ADE. Equation [7b] is 
satisfied identically, and it remains to determine only the char- 
acteristic DE which forms a boundary of the region. 
{[8a] and [19] form a system of simultaneous equations 


Equations 


RANSACTIONS OF THE 


The char- - 


Then for any given value of z, the . 
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dy 


= tan 8, and y = —z cot 6 + f(@)......... (20] 


where f(@) is now assumed known. It is possible to eliminate z 
from these equations and to obtain an integral for y in a closed 
form.’ In the present problem, however, f(@) is transcendental 
and it is simpler to solve the system, Equations [20], by step-by- 
step integration. The resulting characteristic is shown in Fig. 6 


, together with a few characteristics of the first family plotted for 


equal steps in y. A characteristic family (such as shown in Fig. 
6), consisting of nonintersecting straight lines, is said to form a 


“noncentered fan.” 


in Region PEDM sy Meruop or Fintre Dirrer- 
ENCES 


The following boundary conditions aye prescribed in this 
region. Along the boundary EP Equation [14] must be satis- 
fied. Along the characteristic DE the values of & and 7 are 
given. Along the z-axis r must be zero for reasons of symmetry 
and therefore from Equations [4] 


Since both ¢ and 7 vary in this region, Equations [7] and [8] 
no longer simplify and must be solved by an approximate pro- 
cedure. Two alternative methods of solution have been used 
in this problem. The first, discussed in this section, consists 
of reducing Equations [7] to a system of linear difference equa- 
tions. The second consists of constructing the characteristic 
families, Equations [8], by using approximate radii of curvature; 
it is taken up in the next section, 

Equations [7] can be linearized by interchanging dependent 
and independent variables provided the Jacobian of the transfor- 
mation. 


8 Reference (4), p. 5. 

¢ This type of problem, in which the boundary is composed in part 
of a characteristic and in part of a geometric contour with a reflection 
condition, is known as the ‘“‘mixed problem” in the theory of partial 
differential equations. 
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Grapuicat Sotution Usinc ApproxtaTe Rapit or Curvature For b/R = 1/5, f = 0.5 
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does not vanish identically in PEDM. Since — and 7 both 
vary in PEDM, this condition is clearly satisfied. The indicated 
transformation yields 


Yn — tan 6 = 0, ye + = 0 


where @ = (£ —7n)/2. 


To obtain the difference equations, assume that two inter- 
secting characteristics have been determined completely, Fig. 
7, and that from two arbitrary points (k, 1 — 1) and (k — 1, J), 
it is desired to construct two more characteristics up to their 
point of intersection at (k,l). If points (k, 1— 1) and (k — 1, l) 
are sufficiently close to (k — 1, 1 — 1), Equations [23] can be 
replaced by the approximate expressions* 

Vas Vas 


Ze 6 + 0, ,_ 
An An 2 


Yeu Ye-1,1 


AE 2 

These equations are homogeneous in An and Aé, respectively, and 
represent a system of two linear algebraic equations in three un- 
knowns and The determination of these un- 
knowns will differ somewhat depending upon the location of the 
point (k, 1). The following three cases have to be considered: 


(a) Point (4, 1) is on the line y = 0, Fig. 8. - Then by Equa- 


[e) 


Fic. 7 A Cer. or CHARACTERISTICS 


tion [21], = 0, = 
Equation [24b] vields 


Substitution of these values into 


r/A4A+60,_ 


. [25] 


(b) Point (k, 1) is inside the region, Fig. 72 From Equations 
(6) 


"% 1 —1 


8 2 


— [26] 


Now let 


2 


= 


Then Equation [24] yields 


7 There are three distinct cases in which the Jacobian may vanish: 
(a), = const in the region (b), 7 = const. (c) and are both identi- 
cally constant in the region. Cases (a) and (b) have been treated in 
the section ‘‘Solution in Region ADE;” (case b occurs in the region 
BDH and becomes identical to case a if t and 7 are interchanged in the 
equations). Case (c) has been treated in the section, “Solution in 
Region ABD." Since Equations [23] fail to provide solutions for 
these cases, they are termed “‘lost”” solutions. 

* This procedure has been used by Sokolovsky (6) and Shevchenko 


(4). 
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= 
Tr-1,1 + tan a, _, tan + (Ye Ye, oy 
1 + tan a, _, tan a@_, 


= 
+ Ye tan ay _, tan a _' + (zy tana, _, 
1 + tan a, _, tan a, _, 


(c) Point (k, 1) is on the boundary, Fig. 9. There are now 


four unknowns: 2x,1, yx and y; and four Equations: [24a], 


BOUNDARY ve 


two Equations [10], and [14]. Because of the transcendental 
nature of these equations, they are solved by the following pro- 
cedure: 

Starting from an arbitrarily selected point (k, 1 — 1), an esti- 
mate is made of zx,;. Then y and yx; are computed from 


-Equations [10], and @,; is determined from the graph of Equa- 


tion [14], with the aid of Equations [15]. 
be written 


Equation [24a] can 


2 
The success of the approximation can now be checked by com- 
puting the r.h.s. of Equation [28], and comparing the resulting 
&,, with the value obtained from the graph of Equation [14]. 
If the accuracy is insufficient, another estimate of zx,, is made and 
the entire procedure repeated. 

Using the methods of solutions (a), (b), and (c), a network of 
points can now be plotted starting with the lower left corner of 
the region PEDM and extending as far as desired to the right. 
If continuous curves are now drawn through corresponding points, 
the two families of characteristics are obtained, and the solution 
is completed. 

A running check on the accuracy of the computation is afforded 
by the orthogonal property of the characteristics (see Equations 
{8]). If at any stage the deviation from the 90-deg angle 
between two crossing characteristics is undesirably great, the 
size of the mesh can be decreased until the desired accuracy is 
reached. 

The points computed by this procedure are indicated in Fig. 6 
by small circles. 


in Recion PEDM sy Usina Approximate Rabi oF 
CURVATURE 

The method used in the preceding section consists essentially 
of replacing the true curve of a characteristic by a sequence of 
straight-line segments. W. Prager (7) has recently suggested a 
method which approximates the characteristic by a sequence of 
circular arcs. This method improves the accuracy of the ap- 
proximation and, in addition, represents a considerable saving in 
the computing time. 


* An alternative graphical method has been given by Prandtl 
(10). It has been used in parts of this problem where the curvature 


of the characteristics is small., 
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Again consider Fig. 7, and assume that the segment of the » = 
const characteristic from point (& — 1, 1) to point (k, Ll) is a cireu- 


lar are. The length of the are As and the radius R, are related 


by. 


k, = , 


The arc length As is given approximately by 
As = AB cos (6, 8) 
where AB is the length of the straight line between A and B, and 


8 is the angle between AB and the negative y-axis. Also 


1 
-1,2).. 


since 
= %-1,1 and = 
Substitution of Equation [30] into [29] vields 
2A Bcos(@4— 
R, = 
% 
and Equation [31] into [32a] 
2A4B cos (04 —g) 
Rk, = (32h | 


Identical procedure yields for the radius of curvature R¢ of the 
& = const characteristics 


ky = — 


24B sin (04 — 


R; = 


In Equations [32] and [33] it is assumed that if € and » form 


a right-handed system of curvilinear co-ordinates, then positive 
values of R, and R; mean that the centers of curvature lie in the 
respective directions of increasing n and increasing &. 

As in the previous section, computation will be different for the 
following cases: 


(a) Point (k, 1) is on the line y = 0, Fig. 8. In this case’ 
%,1 = /4, B = O and, because of symmetry with respect. to the 
y-axis, AB = 2ye-1,,. The radius R, is determined from Equa- 
tion [32a]. 

(b) Point (k, 1) falls inside the region. Equation [32h] and 
[330] can be used directly. 

(c) Point (k, 1) falls on the boundary. Equation [33a] is used 
in conjunction with Equations [10] and [14]. A guess is made 
for the value of Rg and the corresponding are is drawn to the 
boundary. Then As is measured, the co-ordinates (x,, y,) are 
read off, and @,; is computed from Equations [10] and [14] as in 
the preceding section. Using Equatiop [33a], radius R¢ is re- 
computed and the entire procedure is then repeated until satis- 
factory accuracy is obtained. 


The field of characteristics for the region PEDM shown in 
Fig. 6 has been constructed by this method. At 2/b = 2.32 the 
characteristics of the first family become tangent to the bound- 
ary, since 8 in Equations [15] reaches the value of +/2 and hence 
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6—y7 = For > 2.32 the boundary becomes an “onve- 
lope of characteristics.” 
* Resuvts 

Once the characteristic field has been mapped, the stresses 
ut any point of the field are easily determined by the use of Equa- 
tions [6] and [4], and the stresses at any point of the boundary 
by Equations [6] and [12]. : 

Fig. 10 shows the stress distribution along the line y = 0, and 
Fig. 11 the distribution plotted versus the distance along the 
boundary. Figs. 12, 13, and 14 show the stress distribution com- 
puted along vertical cross sections taken at different points in the 
plastic material. The graphs show good qualitative agreement 
with the results obtained for the frictionless case by Sokolovsky 
(6) and Shevchenko (4). 
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Fie. 11) Stress Disrrinution ALoNG BounDARY 


It was found that at the beginning of the region PEDM, the 
characteristics can be approximated élosely by a single circular 
are. This suggests that for small thickness-to-radius ratios the 
problem can be solved with sufficient accuracy by using a single 
circular are to replace the entire segment of a characteristic ex- 
tending from the center line to the boundary. In addition. if the 
total angle of grip ymax does not exceed 10 deg, the transcenaental 
friction law at the boundary given by Equation [14] ean be 
linearized, thus simplifying case (c) of- the preceding section. 

With these simplifications the problem has been solved 
graphically using 6/2 = 1/160 and boundary values of the see- 


tion, ‘Boundary Conditions.” The resulting stress distribution 


is shown in Fig. 15. At z2/b = 12, the horizontal stress along 
the y-axis is o,/k = 9.2Q, and the normal stress at the boundary 
is o,/k = —1.8. Sachs’(1) gives o,/k = 0, and o,/k = —2 for 
r/b = 12. 


. DererMInation oF PLastic-ELastic BOUNDARIES 
The process of forming a sheet between fixed guiding surfaces 


will be one of the following three cases: 


plied at 

(b) L 
the exit 

(c) 
at the « 
termini 
portion 
requiril 
be app 
anothe 
gion at 


Am 
remain 
section 
Consec 
the po 
which 


tos | so | 2s 
 @ 
a 
~ 


ai” 


ANSOFF—FORMING OF PLASTIC SHEE T BE ‘TWEEN FIXE D C YLINDRIC AL G UIDES 
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12 Srress DistrisuTion ALONG VerticaL Section at = 
1.38 
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Fic. 13 Stress Distrisution ALONG Vertical Section x /b = 2.32 


Fic. 14. Srress DistrinuTion ALonG Verticat Section = 3.0 
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(a) Pure Drawing. In this case a drawing force is applied 
to the sheet at the exit from the guides, but no force is ap- 
plied at the entrance. 

(b) Drawing Under Tension. 
the exit and a smaller tensile force at the entrance. 


\ drawing force is applied at 


In this case a compressive force is applied 
For the purpose of de- 


(c) Extrusion. 
at the entrance and no force at the exit. 
termining the boundaries between the plastic and the elastic 
portions of the sheet the three cases may be summarized by 
requiring that a prescribed resultant horizont: al force, say, Fan, 
be applied to the plastic region at the exit from the guides and 
another horizontal force, say Fpg, be applied to the plastic re- 
gion at the entrance. 


A material behaving according tothe Saint Venant-Mises theory 
remains rigid up to the yield point. As a result of this, the entire 
section of the sheet between the guides must be in a plastic state. 
Consequently the plastic-elastic boundaries must pass through 
the points of the boundary (such as P, Q and A, B in Fig. 3), at 
which the sheet enters and leaves the guides. 


~ 


20 N 


Stress ror b/R = 1/160, f = 0.224 


SotuTion For b/R = 1/160, f = 0.224 
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=- 886 
€=1.003 


— 


.0830 
1=-.567 
€=1.169 


A6=.0418 
=- 401 | 


—A8=.016! 
317 
= 


-€ =1.285 
7 =-.285 


Fig. 15(6) GRAPHICAL 


On the other hand, the resultant horizontal force transmitted 
across the boundary from the plastic to the elastic regions of the 
sheet must be equal to F4, and Fpg at the two respective 
boundaries. This condition is satisfied automatically at the exit 
by the method of solution used in this problem, It may be satis- 
fied at the entrance to the guides by the following procedure: 

Horizontal stress distributions, such as in Fig. 12, are plotted 
for a number of vertical sections in the plastic material. By 
section is located 


interpolating between adjacent sections, a 


along which 


2 feat = Fpg 
é 


integration being carried out from the center line to the boundary. 
If P and Q are used to denote the points at which this section 
then for any curve C joining P and Q 
through the plastie material 


intersects the boundary, 


J = 


the left side representing a line integral along C. This relation 
is easily seen by considering the horizontal equilibrium of a re- 
gion such as PMQN in Fig. 3. If the initial thickness of the 
sheet is now made equal to PQ, any such curve C will satisfy 
the conditions imposed on the plastic-elastic boundaries.'* Thus 
the thickness of the sheet which may be formed under the con- 


10 The transmitted shearing force will automatically be zero by the 
symmetry of the shearing stress distribution with respect to the 
z-axis. 

11 Determination of the actual shape of the plastic-elastic boundary 
curve depends on kinematic as well as dynamic considerations and 
is too involved to be attempted here. 
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ditiens of this problem is uniquely determined for any prescribed 
system of loading. !? 
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Motor-Gener 


‘By J. C. FOX,! 


The motor-generator type of locomotive permits the 
application of the direct-current series-wound traction 
motor, with its highly desirable characteristics, to electri- 
fications deriving their power from a single-phase alter- 
nating-current trolley. This is of particular benefit in 
the operation of heavy-drag freight trains on mountain 
grades. Nearly 30 years of design and operating experience 
have gone into the development of this type of locomotive. 
The latest examples are the units recently placed in serv- 
ice on the electrified sections of the Great Northern and 
Virginian Railways. Noteworthy features in the design, 
construction, and operation of these units are discussed. 


GENERAL CHARACTERISTICS 


N heavy-drag freight-train service, encountered in mountain- 

ous territory, involving relatively long and heavy gradients, 

the direct-current series-wound motor has much to recom- 
mend its use. In addition to relative simplicity of construction, 
the series-wound motor has the characteristic ability of pro- 
ducing, without appreciable damage to itself, high initial torques 
without accompanying armature rotation—a_ characteristic 
which finds practical utilization when the motor is used in a loco- 
motive that is required to “lay up” against a heavy train in the 
effort of getting the train under way. 

The drop in speed and rapid increase in torque of the series 
motor as its loading is increased, with the accompanying tendency 
to maintain, to a certain extent, a relatively constant load on the 
power source, make this type of motor well suited for traction 
purposes. 

On the other hand, the presence of a commutator on the motor 
armature restricts the voltage which can be used across the 
motor to a relatively low value, as transmission and distribution 
voltages are judged. Hence the desire to employ a high voltage 
on the contact system is accompanied by the necessity of using a 
transforming medium between the contact line and the traction 
motors if these be of the direct-current series-wound type. To 
date the highest practicable contact-line voltage for direct appli- 
cation to the direct-current series-wound motor is something less 
than 4000 volts, with the application made by connecting two 
motor armatures permanently in series and gearing them to a 
common gear on the driving axle. Thus with something less 
than 2000 volts per motor armature, valuable space is required 
for conductor insulation, and this space might better be used 
for active material, i.e., copper and iron, to secure the maximum 
output from the restricted spaces in which traction motors are 


1 Electrical Engineer, The Virginian Railway Company, Princeton, 
W.Va. Mem. ASME. 

2 Superintendent, Electrical Operations, Great Northern Railway, 
Wenatchee, Wash. 

3 Project Engineer, Locomotive Division, General Electric Com- 
pany, Erie, Pa. a ASME, 

Contributed by the Railroad Division and presented at the Semi- 
Annual akon San Francisco, Calif., June 27-30, 1949, of THe 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—SA-7 
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required to work. This is done by the use of relatively low-volt- 
age motors, such as are used in the motor-generator and Diesel- 
electric types of locomotives. 

There is no practically usable static transformer-rectifier com- 
bination commercially available to the locomotive builder that 
will transform high-voltage alternating-current single-phase 
energy to low-voltage direct-current energy suitable for use with 
the simple direct-current series-wound motor in traction service. 
The mercury-are rectifier, in recent years, has been viewed as a 
possible candidate for this role. Corrective measures must be 
taken to minimize primary-power-supply wave distortion, char- 
acteristic of single-phase-rectifier operation. Interference must 
be reduced to values acceptable from the viewpoint of commu- 
nications-lines interference, which would render this type of 
transformation unacceptable from the locomotive builder’s and 
operator’s point of view. 

The alternating-current 
generator set, 


synchronous-motor direct-current 
in combination with a suitable static transformer 
of the conventional alternating-current type seems to be the most 
practicable means of energy conversion for locomotive use where 
direct-current series-wound traction motors are employed. 

Hence the motor-generator type of locomotive and its justi- 
fication in heavy traction service. 


ADVANTAGES 


There are several incidental but valuable advantages attendant 
upon the use of the synchronous-motor-generator locomotive. 
These may be cited as follows: 


1 The maintenance of power factor in the railroad-owned 
transmission and distribution lines at values close to unity, and, 
in some cases, of leading power factors, is practic able. by the con- 
trol of the synchronous-motor excitation. 


2 The motor-generator locomotive is essentially a constant- 
horsepower machine and, accordingly, the avoidance of large 
power demands under heavy grade or accelerating conditions is of 
direct benefit to the operating company’s power bills, as influ- 
enced by peak-demand charges. 

3 The motor generator set and its control lend themselves to 
flexibility of control functioning during regenerative-braking and 
motoring periods, with a consequent flexibility of locomotive and 
train control. 

4 The performance characteristics of the locomotive are inde- 
pendent of contact-system voltage drop, down to a limit dictated 
by synchronous-motor pull-out torque. 

5 The performance characteristics of this type of locomotive 
appear to be admirably suited to the operation of railroads 
traversing long stretches of terrain at river grade, interrupted 
with severe mountain gradients of appreciable length. Thus 
relatively fast schedules are secured for a limited given power 
demand. 

6 Because the motor-generator locomotive is, to a large ex- 
tent, similar to the Diesel-electric in that both employ driven 
direct-current generators and associated traction motors, the 
same design of traction motor can be used in both types of loco- 
motives. Thus the benefits of standardized production of 
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traction motors are available to the operator of motor-generator 
locomotives. 


History 


The motor-generator locomotive is not a recent development. 
The first one built in the United States was an induction-motor- 
generator unit operating under a 2300-volt 60-cycle single-phase 
overhead-contact system. This was in the nature of an experi- 
mental locomotive built by General Electric in 1910, for a small 
privately owned railroad desiring to use the commercial form of 
energy available to it without conversion apparatus. The line 
has long since been abandoned. * 

In the middle 1920’s the New Haven Railroad purchased five 
1120-hp, 1—B+B—1, 138-ton motor-generator freight* locomo- 
tives, Fig. 1, and two B+B, 100-ton switching locomotives of the 
same rating (1).4 These were built for use in electrified territory 
where contact-system power-factor correction was an objective. 

When the Great Northern Railway relocated its line through 
the Cascade Mountains in the late 1920’s, a relocation which in- 
volved the abandonment of operation through the old 2.75-mile 
Cascade Tunnel and the driving of a ney bore 7.79 miles in 
length, 15 years of operating experience with the then existing 

* 6600-volt three-phase electrification indicated that a more flexible 
system was desirable for the new section of line. Accordingly, 
the 11,000-volt 25-cycle single-phase system, with motor-genera- 
tor locomotives, was adopted (2, 3). 

The first locomotives purchased for the new electrification 


4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


Two 1830-Hp Units Buitt 
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were built by Baldwin-Westinghouse as 1—D—l1, 179-ton, 
1830-hp (cont.) 2165-hp (one-hour) units, operable in multiple 
in combinations of two to five cabs, see Fig. 2, under the 
control of one engineman (4). These were supplemented by a 
1—C+C—1, 270-ton, 3000-hp (cont.) 3300-hp (one-hour) de- 
sign built by American Locomotive and General Electric, shown 
in Fig. 3, also capable of being operated in multiple to provide 
large concentrations of motive power under the control of a single 
engineman (5). : 
New Locomorives 

Early in 1947 the Great Northern took delivery from the Gen- 
eral Electric Company of two B—D+D—B, 360-ton, 5000-hp 
single-cab locomotives, Fig. 4, bringing the total number of units 
now operated by this railway to twenty (6). 

Table 1 gives dimensional and other salient characteristics 
of the Jocomotives composing thé Great Northern fleet. 

With the delivery in the early part of 1948, of four 6800-hp 
double-cab 500-ton locomotives (7), the Virginian Railway be- 
came the fourth’ railway in the United States to operate this type 
of motive power. These locomotives, with somewhat more than . 
a million pounds on drivers, classify as the heaviest (in so far as 
driver weight is concerned) and the most powerful continuously 
rated electric locomotives in service in the United States. 

Principal characteristics of, the Virginian locomotives are 
shown in Table 2, and one of the units is shown in Fig. 5, at the 

* The Detroit, Toledo and Ironton R.R. operated two motor- 


generator locomotives on a 16.6 route-mile electrification in, 1926. 
This electrification has since been abandoned. - 
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Fic. 3) Generat Evectric 3000-Hp Locomotive ror Tur Great NorTHERN RAILWAY 


Fic. 4 5000-Hp Freigut-Passencer Unir With Train on Tore Great NortHern 


Fie. 5 6800-Hp Dovsie-Cas Locomotive Trarn By an THREE- 
Can Unit on THE VIRGINIAN Ratiway 


TABLE 1 GREAT NORTHERN 11,000-VOLT, MOTOR-GENERATOR 
LOCOMOTIVES 

Baldwin 
Westinghouse 


General Elec. 
General Elec. 
B—D+D—B 
5000 
735000 
735000 

9 


American 
General Elec. 
1—C+C—1 
3000 
5390006 
4262006 


Builder, mechanical 
Builder, electrical 


Wheel arrangement 

Hp (cont.) at rail 

Total weight, lb 

Weight on drivers, |b 

No, driving axles........... 
Cont. tract. effort, lb 

Cont. adhesion, per cent... . 
Speed at cont. t.e., mph 
Max safe speed, mph. a 
Length over couplers, ft-in. 
Rigid wheel base, max, ft-in. . 
Height over-all, ft-in........ 
Driving-wheel diam, in. 

No. in operation s 2 
Year built: ...... 1927-28-30 1947 


@ The first four locomotives weighed 357,700 ib with 275,000 Ib on drivers. 
> The first two units weighed 518,200 Ib with 410,600 lb on drivers. 


1926-28 29 


TABLE 2 VIRGINIAN RAILWAY MOTOR-GENERATOR LOCO- 
MOTIVE 


Builder, mechanical 

Builder, electrical 

Wheel arrangement. 

Hp (cont.) at rail 

Total weight, Ib. 

Weight on drivers, Ib.. 

No. of driving axles 

Cont. tract. effort, lb... 

Cont. adhesion, per cent 

Speed at cont. tract. effort, mph. . 
Maximum safe speed, mph. : 
Length over couplers ft-in.. . 
Rigid wheel base, maximum, ft-in.. 
Height over-all, 

Driving wheel diam, in.... 

No. in operation. . 

Year built 


General Electric 
General 
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head of a 6000-ton train of loaded coal cai na 2 per cent grade, 

with an induction-motored locomotive as a helper at the rear. 

It is the purpose of this paper to discuss design features of and 
operating results secured with the latest Great Northern and the 
Virginian locomotives. Each of the designs is unique in that the 
former is the longest single-cab electric locomotive ever con- 
structed, while the latter is the first design of electric locomotive 
to carry a million pounds on drivers. The design of both loco- 
motives involved problems not heretofore encountered in 
locomotive-development work. 


Basic DesiGN CONSIDERATIONS 


Basic requirements in the case of the Great Northern locomo- 
tive were as follows: 


1 A total of 5000 hp at the rail at a continuous rating, to be 
available continuously at a low speed of between 15 and 20 mph. 
* 2 Locomotive to be built in a single-cab unit. : 

3 All weight to be on drivers. 


The specification of 5000 hp at the rail indicated a synchronous- 
motor rating of 6000 hp, with an over-all electrical-transmission 
efficiency, between the synchronous motor and rail, of approxi- 
mately 83.5 per cent. Synchronous-motor design factors, re- 
stricted by a permissible stator diameter of 83 in., which allowed 
a 17 in. width of aisle and 3 in. for each cab-wall thickness, and a 
synchronous speed of 750 rpm, made necessary the use of two 
separate set driving motors, each having a continuous rating of 
3000 hp. 

Similar restrictions, applying to traction-generator design, 
resulted in the use of two generators to be driven by each of the 
synchronous motors. 

The traction motor which was selected is the GE-746, a stand- 
ard series-wound motor originally designed for Diesel-electric 
locomotive applications with maximum axle loading of 60,000 to 
62,500 lb on 42-in-diam wheels with 65 mph (top speed) single-re- 
duction gearing. The motor is rated as being suitable for use 
with a traction generator involving 500-hp input from the prime 
mover (in this case, the synchronous motor) per traction motor. 
Thus for a synchronous-motor rating of 6000 hp, twelve traction 
motors, with a total locomotive weight of 720,000 to 750,000 Ih, 
were indicated. ‘ 

With these design elements fixed, the over-all problem resolved 
itself into one of designing a running gear with twelve motored 
axles that would negotiate 10 deg main-line curvature coupled 
to trains and 17 deg wye trackage alone, and that would match 
with a double-end cab of sufficient length to house the two 3000-hp 
three-unit motor generator sets and their associated auxiliary 
and control equipment. 

Preliminary specifications for the Virginian motive power 
stipulated a continuous rating such as to permit the haulage of 
trains as large as those being handled by the three-cab 6000-hp 
induction-motored locomotives with which the railway has been 
operating since the electrification of the Mullens-Roanoke sec- 
tion of its line. : 

The impracticability of mounting so large a rating in a single 
cab was obvious at the outset and a two-cab locomotive was 
selected as the basis of design. 

A study of the service requirements and the performance 
of the existing motive power indicated that a locomotive carrying 
approximately a million pounds on drivers would be required, 
Since the top speed involved (50 mph) was moderate, it was de- 
cided that all weight would be on drivers and no special guiding 
axles would be required. 

The desire to utilize the GE-746 traction motor, with a per- 
missible axle loading of 62,500 lb with maximum reduction gear- 
ing resulted in the selection of sixteen motored axles, eight of 


- 12,8. 


which were to be located under each of the two cabs. The use 
of sixteen traction motors, each rated for 500-hp input to the 
traction generators, fixed the total continuous synchronous- 
motor capacity at 8000 hp, or two 4000-hp sets. Transmission 
efficiencies permitted a rail-horsepower rating of 6800 at the 
speed at which maximum continuous tractive effort of the trac- 
tion motors occurs. 

The selection of an eight-axle running gear for each of the two 
cabs was narrowed down to two designs, a B—D—B arrange- 
ment employing a main frame, integral with the cab structure, 
and two two-axle swivel trucks; or a B~B+B—B arrangement, 
employing four identical two-axle swivel trucks. 

The second arrangement was selected in the interests of easy 
maintenance, interchangeability- of trucks, and over-all superior 
flexibility of operation. The resulting locomotive nomenclature 
of this arrangement of running gear is 2 (B—B+B—B), and 
each of the two units composing the locomotive is, for all practical 
purposes, a duplicate of the other. One unit, however, carries 
two pantographs (one being a spare collector), while the second 
carries but one. A second collector may be added to the 
second unit if operating experience indicates this to be advisable. 


Cas DESIGN 


In conformity with current appearance styling practices, the 
cabs of both locomotives have been streamlined, combining 
appearance with practical utilization of space and good visibility. 
Nose compartments and operating cabs are practically identical 
in both designs. A full-size model of these portions of the cabs 
was made before construction to determine characteristics. 

For optimum visibility with a long hood or “nose’’ section, a 
16-ft radius over the cab roof from the track center line at a rail 
level was used, which results in positioning of the operator’s eyes 
but a few inches below the maximum at the cab center line. 
The right-hand running rail can be seen from normal eye level at 
a distance 50 ft ahead of the coupler. 


The top of the hood extending down to the level of the window . 


sill is made up on a three-piece form, two outside sections—left 
and right—and a center section. By changing the width of the 
center section the form is made suitable for cabs of different 
widths, within certain limits of course. From the window sill to 
the bottom of the ¢ab the hood sheets are perfectly straight, cut 
on a bias, and wrapped around the hood. Above the sills the 
windows and cab side sheets have been drawn in at an angle of 
15 deg. This was done for appearance reasons only in this case, 
to set off the superstructure from the side sheets and relieve the 
otherwise boxy, appearance. However, in a number of other 
instances this has been done to meet clearance restriction and is 
quite practical. On both locomotives the striping and lettering 
have been arranged to relieve the side-sheet expanse and embrace 
the air-inlet grilles. 


PLATFORM DesIGN 


Although the outward appearances of these locomotive cabs, 
as shown in Figs. 6 and 7, are very similar, the supporting struc- 
tures are quite different. This is due chiefly to the horsepower 
requirements for a single-cab unit. A unit of the Virginian loco- 
motive rating 4000 hp represents the practical maximum rating 
of a single motor generator which can be accommodated in the 
width and height available, even though both locomotives are 
unusually high and wide. The Great Northern locomotive, re- 
quiring 6000 hp in a single unit, would not accommodate a set this 
large, and the cab had to be stretched out to accommodate two 
3000-hp sets end to end, as shown in Fig. 8. For this reason the 
cab is long, with a center-plate distance of 56 ft 6 in. This de- 
termined the nature of the structure, which is a truss designed to 
keep the deflection within design limits. 
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te 


Great NortTHern 5000-Hp Motror-Generator Locomotive 


& 


Fic. 8 Cross-SecTionaL ELEVATION OF 


The truss supports a central equipment platform with end 
bulkheads, intermediate cross-ties, and lateral bracing. Fig. 9 
shows center of gravity and weight distribution. The sym- 
metry of cab and truss construction, together with equipment 
location from each end to the center, results in unusually good 
Weight distribution. 

On the Virginian locomotive, Fig. 10, the center-plate distance 
is shorter, namely, 34 ft 6 in., permitting the use of a suitably 
deep platform instead of a truss. The main sills are 24 in. deep 
between the bolsters and reduce to 18 in. for the end extensions. 

Procurement of the desired weight distribution on the Virginian 


> 


5000-Hp Great NortHern Locomotive 


locomotive was difficult because the large pieces of equipment 
(motor generator set and transformer) necessarily were forced to 
the rear by the single-end operating cab and hood. Since the 
railway desired to avoid the use of loading pads between the cab 
and truck, all the cab weight had to be carried on the two center 
plates. By very careful arrangement of equipment, proper 
weight distribution was secured. The preliminary loading dia- 
gram, Fig. 11, shows the center of gravity of the cab only 1 in. 
to the rear of the center line, and the rear center-plate load only 
1730 lb heavier than the front one. The matter of span bolster 
weight distribution had to be considered since the front 
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bolster was longer and carried the pilot and draft gear on the 
extreme end. 

A study of the loading diagram indicates the truck arrange- 
ment employed to balance these loads. Since the actual ex- 
pected weight was not known until some time after the design 
dimensions were fixed, the weight distribution actually secured Ht Bs layers 
was remarkably close to calculations, even though a difficult : | — a of eacl 
time was encountered with the first locomotive weighed. When mit th 
it was weighed, there was 10,000 lb weight difference between the 7 
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heaviest and the | lightest axles. Upon investigation it was dis- 
covered that some equalizer springs which were not within the 
drawing tolerances had been used, and both cab center plates 
were out of alignment. The final calculated weights and the 
actual weights secured by weighing are shown in Fig. 12. 

Fig. 13 shows the collision structure of the Great Northern 
locomotive. It is designed to meet AAR specifications for new 
passenger cars. The sum of the section moduli of both vertical 
posts and their reinforcement is 66.75 in.* Each post has 
an ultimate shear value of 316,800 lb where it is attached at the 
bottom to the underframe. The top attachment is designed to 
withstand a force of 27,800 lb when the post is subjected to a force, 
sufficient to develop the yield point of the material, of 85,500 Ib, 
18 in. above the bottom attachment. 

These posts are further strengthened by means of plates at- 
tached to the top and running diagonally to the side structure 
at the corners of the front bulkhead, at the level of the window 
sills. On the outside the contour of these plates follows the hood 
sheets and provides a connection for the top and side hood sheets. 
This structure is expected to withstand collision forces -within the 
limits indicated, yielding as the forces increase but absorbing them 
within limits to protect personnel and equipment. Collision 
framing with this same stiffness is provided at the front and rear 
of each of the Virginian cabs. 

Trucks 
As has been noted 
,.the number of axles was determined in each case by 
the performance specifications and the selection of a particular 
traction motor to meet speed-tractive-effort requirements. The 
GE-746 motor rating 500 hp, on the basis of output from the 
synchronous motor, dictated twelve motored axles on the Great 
Northern and sixteen (eight per unit) on the Virginian machines. 

The use of simple swivel two-axle trucks, supporting span bol- 
sters and cab, was made possible on the Virginian locomotive by 
the comparatively low top speed specified. Span bolster and 
truck frames dre of grade A unannealed cast steel. The truck 
frames are supported on double equalizers, which span the journal 
boxes, by means of helical and semielliptic springs. 


Here the two designs are widely divergent. 
previously 


Loads are 


proportioned on the springs in the ratio of 65 to 35, respectively. | 


42 in. diam. They are 
X 13-in. journals equipped 
No restraining or guiding devices were 
All trucks are completely interchangeable in either 


The wheels are rolled steel, class C, 
pressed on axles which have 7'/:-in. 
with roller bearings. 
required. 
direction. 

Requiring twelve axles to carry the single cab, the design of 
the Great Northern unit presented a number of new and inter- 
esting problems. 

In considering running gear and wheel arrangement, the 
2—C+C--2 arrangement had been employed a number of times 
very successfully. It has ten axles but only six drivers. To ob- 
tain the required number of drivers with an arrangement similar 
to this it was necessary to increase the length of the main truck 
to accommodate four axles instead of three and apply motors 
to the guiding axles. Such an arrangement is classified as 
B—D+D—B. 

With the wheel arrangement settled, the next problem was to 
determine the length of the four-axle main trucks. The rigid 
wheel base of this truck developed to be 16 ft 9 in. long. To 
accommodate the maximum lateral displacement (1'/: in. each 
.way required at the two inside axles on the 17-deg curve), the 
thickness of the pedestal was reduced at these points in order to 
maintain identical journal boxes, and a device made up of three 
layers of rubber vulcanized to intermediate layers of steel on top 
of each journal box was used. This device was designed to per- 


mit the required displacement at a force approximating 10 per 


Fig. 13 CoLLision Post Construction EmpLoyvep Nose, oF 


Fie. 14° Guiptne-Truck Restraint as Usep on THe Great 


NorTHERN UNIT 


cent of the journal load. This force is sufficient to restore the 
axle to its normal position and maintain stability on a tangent 
track. 

The over-all length of the running gear was approximately 3 fi 
shorter than the cab, making it necessary to use a drawbar be- 
tween the main trucks instead of an articulation. 

The loading pads required at the rear of each main truck to ob- 
tain proper load distribution required loading to 28,100 lb each on 
four pads. 

Motored guiding-truck axles required the same-size wheels and 
the same load as the main-truck axles. Consequently the bolster 
and centering devices had to be designed for these loads. 

A number of restraining devices were required to guide and 
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stabilize the running gear. Most interesting of these’ is the guid- 
ing truck bolster restraint shown in Fig. 14. The restraining 
forces are determined by the weight on the center plate and the 
slope of the roller plates. To guide the main truck around the 
curves, sufficient resistance is designed into the guiding-truck 
bolster restraint to slip the leading wheels of the main truck from 
flange contact with the outside rail to flange contact with the 
inside rail. Since centrifugal force enters into the calculation 
of the forces, the final design had to be a compromise between 
high-speed and low-speed conditions. A spring restraint is used 
between the guiding truck and the main truck to stabilize the 
guiding truck on tangent track. Between the two main trucks 
there is another spring restraint to guide the trailing main truck 
around the curves. It is designed with sufficient force to slip the 
leading wheels of the trailing main truck from flange contact 
with the outside rail to flange contact with the inside rail. 

Both the Virginian and Great Northern locomotives are 
equipped with cast-steel pilots. Fortunately, it was possible to 
design both truck frames for the same pilot. The nature of these 
roads, following mountain streams and slopes, subject them to 
numerous snow and rock slides. Strong, heavy pilots many 
times have prevented derailment and other damage by being able 
to withstand and push aside the emaller slides. 


VENTILATION 


Equipment ventilation always affects, and therefore must be 


considered in, the mechanical design. The unusual air require- 


ments (100,000 cfm for the Great Northern and 82,000 cfm for a 
single unit of the Virginian) made evident the seriousness of the 
problem at the beginning. A faetor which led to a solution of 
this problem was a means for starting the single-phase syn- 
chronous motors. It is desirable, because of the power and addi- 
tional equipment involved in single-phase alternating-current 
starting, to employ other means of bringing the motor up to ap- 
proximately half-speed before applying alternating-current power. 
Means used previously were not considered altogether satisfac- 
tory. Further investigation led to the use of a small motor 
generator set for furnishing starting power. This set, driven by 
a single-phase 1500-rpm induction motor driving a direct-current 
generator, could be used to motor the main generators and 
thereby start the synchronous motor. It could have a very high 


short-time rating sufficient for main-set starting purposes, and. 


a continuous rating sufficient for control and battery charging 
during normal operation. In order to take adyantage of the sim- 
plicity and ruggedness of the induction motor for auxiliary drives, 
a three-phase synchronous generator was added to the starting 
set, making it a three-unit two-bearing set, and power was thus 
secured to operate induction-motor-driven blowers. Combina- 
tions of the synchronous-generator and induction-motor poles 
give the desired blower speeds. In general, a ten-pole generator 
and four-pole motors to give a motor speed of 3600 rpm have been 
used. This relatively high speed secures advantages in both space 
and weight. Another advantage in the use of this system is the 
simplicity of its control. The generators are designed so that all 
blowers can be started at once by simply closing the generator- 
field contactor. 

Characteristics of the high-speed ayial-flow blower are ad- 
mirably suited for locomotive applications. Combining high 
flow and pressure in relatively small space, it has been used to 
great advantage on both of these locomotives. On the Virginian 
motive power, where fine coal dust, water, and dirt are a constant 
menace to electrical equipment; -air cleaning blowers, forced 
ventilation for the main motor generator set, and air taken di- 
rectly from the outside instead of from the apparatus cab, were’ 
specified. A mechanical cleaning device forming the blower in- 


let was developed and tested. The results indicated as much 
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as 75 per cent efficiency under standard test-code conditions, 

Of special significance on the Great Northern electrification is 
the operation through the Cascade Tunnel. Temperature in the 
tunnel is practically constant at 55 F. To avoid condensation of 
moisture on the electrical equipment when entering the tunnel 
from a colder outside temperature, means are provided for re- 
circulating the transformer and motor generator set cooling air. 
By recirculating this air, the machine temperatures can be kept 
above the dew point. 

i Arr BRAKEs . 

Both designs of locomotives empléy type 8EL air-brake equip- 
ment. Requiring overspeed control, the Great Northern unit 
uses the KS-8-PB brake valve, while the Virginian locomotive uses 
the plain K-8-PA valve. The Virginian machines, handling 
9000-ton trains, require higher compressor and reservoir capacity 


than the Great Northern units. Each cab of the Virginian loco- © 


motive is equivalent in air-compressor capacity to the Great 
Northern, having two motor-driven compressors with a total 
displacement of 300 cfm and reservoir capacity of 75,000 cu in. 

Foundation brakes on the Great Northern locomotive are de- 
signed to use a single shoe on each wheel. Each cylinder on 
either side of the truck serves two axles. The same braking ratio 
(70 per cent at 50 psi cylinder pressure) is used on both the guid- 
ing and main-truck axles. A convéntional clasp brake is used 


‘on the Virginian design. The braking ratio is 75 per cent at 50 


psi cylinder pressure. . 
, OPERATION OF THE GREAT NORTHERN 


Since the Great Northern has been operating motor-generator 
locomotives in its electrified territory since 1926, the new loco- 
motives initiated in 1947, were not novel in so far as type is con- 
cerned, As a consequence the introduction of the new locomo- 
tives into service involved primarily an extension of well-estab- 
lished operating methods, taking into account the.greater rat- 
ings and capabilities over the older motive power. 

The electrified section of the Great Northern has been de- 
scribed in numerous articles appearing in the technical press 
(3, 4, 5), and a detailed description of the installation is outside 
the scope of this paper. It will be well to note here, however, 
that operation involves gradients of 2.2 per cent and a tunnel 
approximately 8 miles in length, with the line running through 
mountainous territory subjected to heavy snowfalls and a tem- 
perature range between —20 and +110 F. The profile of the line 
is shown in Fig. 15. 

Preliminary tests on the locomotives indicated a freight-train 
tonnage rating of 2000 to 2100 tons as a continuous loading on the 
2.2 per cent grades. Scaled-weight trains of these tonnages on 
the 2.2 per cent grades loaded the locomotive traction motors to 
continuous-rating values, indicating total tractive effort of 123,- 
000 lb at a continuous speed of 15.75 mph. Thus the rail horse- 
power delivered at continuous rating developed to be 5160 hp. 
Starting tests on these grades developed adhesions of 26.5 per 


_cent and accelerations were accomplished quite readily without 


the use of sand on cléan dry rail. 

With full-rated tonnages, the locomotives are worked at ad- 
hesion values approximating 17 per cent on tangent track with 
dry rail, and there appears to be little, if any, tendency for driv- 
ing wheels to ‘creep’? under these conditions. Some creep is 
experienced in entering and leaving curvature. With poor rail 
conditions some creep with no attendant loss: in train speed is 
experienced on tangent track. In heavy curvature, however, the 
degree of creep encountered results in train-speed loss of 1 to 2 
mph. Average all-weather running adhesions of 15 per cent to 
16 per cent on track, involving curvature of 8 deg to 10 deg, have 
been found to be practicable. ‘ 
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No noticeable differences in operable adhesion values as af- 
fected by driving-wheel diameter have been observed. The new 
locomotives have 42-in. drivers while the older machines have 
55 to 56-in-diam driving wheels. . 

The extreme fineness of ‘control afforded in both motoring and 
regenerating operations permits the ready use of the new loco- 
motives in freight trains with any type of motive power operated, 
be it steam, Diesel-electric, or the older types of motor-generator 
electric locomotives. Heavy freight operations involving trail- 
ing tonnages of 5000 tons are worked with locomotives at the 
head end, in the middle and at the end of the train. 

Passenger trains with consists of 14 to 17 Pullmans and a heat- 
ing tender (the locomotives are not equipped with train-heating 
boilers) are handled up to speeds of 50 and 60 mph consistent with 
track limitations and passenger comfort. 

*While the motor-generator locomotive is basically a constant- 
horsepower machine, lending itself nicely to the practice of peak- 
demand control by power dispatchers, it can be overloaded for 
short times as occasions and emergencies demand. -Rail horse- 
powers approximating 5800 have been secured on occasion from 
the new locomotives. 

Power-factor control of the supply system is readily obtained 
by manipulation of the synchronous-motor excitation on all of the 
motor-generator motive power. Unlike the Virginian Railway 
operation, no induction-motored locomotives are operated, and 
the maintenance of unity to 0.95 leading power factor on the sys- 
tem is readily accomplished. 

The efficiency of operation measured in terms of gross-ton- 
miles per hour seems to be somewhat better for the new loco- 
motives than for the older units. A figure of 6.8 gross-ton-miles 
per hour per kilowatt at the substation on a 2.2 per cent 
grade holds for the new machines compared to 6.2 gross-ton- 
miles per hour per kilowatt for the average performance of the 
older machines. Undoubtedly, this is due in part to the lesser 
weight per horsepower of locomotive 147 lb applying to the new 
locomotives, compared to 180 and 203 Ib for the older machines. 
The new locomotives have all the weight on the drivers. 

The use of the B—D+D—B running gear with four motored 
axles in each of the main-truck frames gave rise to some question 
as to the effect the locomotives might have on the track structure. 
Observations during initial operations indicated that good track- 
ing was being secured over the whole range of speeds operated. 
However, shortly after operation had commenced, some sections 
of track were reballasted in routine maintenance, and complaints 
developed that the locomotives were moving track in sharp curva- 
ture. 
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Measurements were made which indicated no deflection at 
speeds above 30 mph. However, at speeds of 10 to 15 mph per- 
manent deflections of the track toward center of curvature, as 
much as '/: in. were recorded, when drivers Nos. 3 and 10 moved 
by the recording point. These observations indicated that the 
initial resistance (24 per cent) of the.variable-resistance centering 
device was too high. Pending installation of new roller plates, 
temporary relief was secured by removing the wear plates from 
the journal boxes and pedestals on drivers Nos. 3 and 10 which 
increased the lateral to approximately 1!/. in. 

New roller plates were supplied which reduced the initial 
resistance to 18 per cent, building up to 20 per cent in the first 
inch. With these changes, the locomotives have been operating 
satisfactorily. 

Some interesting observations of the added train resistance 
occasioned by the “‘piston action’”’ of trains in long tunnels have 
been.made. Comparing train-power demands, as indicated by 
the locomotive metering equipment, approximately 7 per cent 
more power in motoring is required to move a train against the 
tunnel grade than is required for operation at the same speeds on 
open grades of the same severity. The amount of regenerated 
energy is affected to the same degree, and less energy is required 
to hold a train at given speeds in the tunnel than is required for 
similar grade and speed conditions in the open. 

Observations involving the added train resistance occasioned 
by 4 to 6 in. of snow on the tracks indicate an increase of resist- 
ance of approximately 15 per cent. 

A minimum of rail sanding is employed since tests indicate that 
train resistance may be increased by as much as 10 per cent by the 
over-liberal use of sand in making train starts with heavy trains on 
heavy grades. 


OPERATION ON THE VIRGINIAN 


The electrified section (9) of the Virginian’s lines extends 
eastward from Mullens, W. Va., to Roanoke, Va., a distance of 
134 miles, traversing heavy mountainous territory crossing the 
Appalachians with a maximum ruling grade eastbound of 2.07 
per cent. The profile of the electrified section and data pertinent 
thereto are shown in Fig. 16. The line is single-tracked with 
the exception of 22 miles of double track eastward from the 
Mullens terminus. The 11,000-volt 25-cycle single-phase system 
was installed in 1925, and, until the recent acquisition of motor- 
generator locomotives, has been operated with two-speed (con- 
stant speeds at 14 and 28 mph) 6000-hp induction-motored loco- 
motives (10). 

The two-speed induction-motored locomotives were entirely 
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satisfactory for heavy tonnage movement, but there was a sub- 
stantial development of time freight business through the years, 
and when additional power was considered, it was decided that a 
variable-speed locomotive would be the most practical supple- 
ment to the locomotives in service. The basic operation for 
which motive power is designed is the eastward movement of 
3900 tons per locomotive from Elmore to Clarks Gap, a fill-out 
to 9000 tons at Clarks Gap, and the completion of the run with 
9000 tons per locomotive from Clarks Gap to Roanoke. The 
induction-motored locomotives satisfy these requirements, and 
the motor-generator locomotives were purchased for the same 
service demands, for operation singly or doubled with the older 
motive power. The four motor-generator locomotives secured 
from General Electric were delivered early in 1948, and have in 
their operation complied fully with the functional specifications. 

The motor-generator locomotive has a very large number of 
running-control steps available through the relatively fine gen- 
erator-field control and various combinations of series and sepa- 
rate excitation of traction motors. This permits accurate con- 
trol of acceleration and regenerative braking, the acceleration 
control making for ease of operation when doubled with the con- 
stant-speed locomotive, and regeneration control greatly reducing 
and, with certain tonnage and grade combinations, even eliminat- 
ing the need for air-braking. 

Voltage and power-factor conditions on the contact system 
have been improved as a consequence of the synchronous motors 
utilized for main-set drive in the new locomotives. Unity or 
near-unity power factor is secured through control of motor ex- 
citation. 

Some trouble was experienced with the appearance of excessive 
voltages on the secondary side of the locomotive transformers, 
coincident with operation of the 11,000-volt oil circuit breakers 
on the high-tension side. Normal secondary-voltage supply to 
the synchronous motors is 1550 volts, and synchronous-motor 
contactor supporting insulators normally rated at 10,000 volts 
were breaking down under these conditions. Klydonograph tests 
indicated the presence of surge voltages with peaks as high as 
16,000 volts—a ratio of 10 to 1 over normal steady-state voltage 
conditions. The installation of resistance contacts on the oil cir- 
cuit breakers, and capacitors on the primary side of the trans- 
formers served to hold the surge voltages within acceptable limits. 

The main motor generator sets developed resonant-frequen¢y 
phenomena, first manifested in shaft-coupling troubles. It was 


developed that the natural period of torsional vibration of the * 


rotating structure of the locomotive motor generator sets oc- 
curred within the single-phase power pulsation frequency (nor- 
mally 2 X 25 = 50) of the supply system, and that in passing 
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through or operating at certain system frequencies, the rotating 
masses were being subjected to excessively high torsional stresses. 
The phenomena first became apparent in loosening of the cou- 
plings and “‘fit’’ corrosion of the coupling bolts between the syn- 
chronous-motor and generator shafts. Further investigation 
developed that the high torsional stresses had fractured the out- 
side.dovetails in the synchronous-motor field punchings and end 
castings, where these dovetails atted into the retaining slots in 
the shaft forging. 

The natural frequency of the rotating systems was changed to 
a value of approximately 39 per sec-—well below a value corre- 
sponding to the minimum frequency experienced on the power- 
supply system—by reducing the diameter of the synchronous- 
motor shaft in its bearings from 10 to 9 in. Entirely successful 
operation has been scoured subsequent to this change in shaft 
dimension. 
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sotives for use on 11,000-volt a-c systems. One makes use of the 


6 General Mechanical Superintendent, The New York, New Haven, 
and Hartford Railroad Company, New Haven,Conn, 
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alternating-current series commutator motor, and the other the 
direct-current series motor. For traction circuits the former 
uses a step-down transformer with a number of secondary taps 
to provide the range of voltages required for acceleration and 
running; the latter uses a step-down transformer with a mini- 
mum number of secondary taps for supplying proper voltage 
for thé synchronous motor which drives the direct-current gene- 
rator. From the standpoint of amount of major equipment 
and control required, the locomotive using the alternating-current 
series traction motor is the simpler. The offsetting feature, 
however, of the motor-generator type of locomotive is its use of 
the standard railway type direct-current series traction motor. 

Granted that both types of locomotives can be built to produce 
the general operating characteristics required, the long-range 
factor of cost of maintenance and cost of operation in respect to 
power consumed must be considered, - 

While the modern motor-generator locomotives described in 
the paper are too new as yet to judge what their maintenance 
cost will be, nevertheless, it would be reasonable to suppose that 
over the life of the locomotive it would be higher for the motor- 
generator type than for the other type. Certainly it would be 
interesting and valuable to follow this feature in connection with 
these locomotives. 

As to the power-consumption question, it would be expected 
that the motor-generator-type locomotive would entail more 
losses than its alternating-current traction motor counterpart, 
though admittedly this particular feature would be in some de- 
gree offset by power-factor correction. 

Certainly the experience of the New Haven Railroad with 


motor-generator-type freight and switching locomotives, start-" 
ing in 1926, points to the significance of both of these questions. 


of maintenance and power consumption. 

The authors have done a fine job of describing the design and 
operating characteristics of the latest motor-generator-type loco- 
motives built for the Great Northern and the Virginian Railways, 
and it is hoped that a companion paper of equal merit will be 
prepared covering the actual operating and maintenance experi- 
ence of these locomotives over the period culminating in their 
first major overhaul. 5 

Cuarves Kerr, Jr.? In the heavy-grade territory served by 
the Great Northern and Virginian railroads, the type of power 
described in the paper should give a good account of itself. 

The authors make a strong case for the advantages of low 
voltage direct-current traction motors. These advantages are 
not denied. However, it is thought that credit might be given 
to improvements being made in locomotives equipped with alter- 
nating-current traction motors. In this connection, the follow- 
ing comparison is given between the two motor-generator loco- 
motives discussed in this paper and locomotives now under con- 
struction for the Pennsylvania, equipped with alternating- 
current traction motors: 


Great Northern Virginian 


11000 
25 


Pennsylvania 

lrolley voltage 
Frequency cycles 
Maximum speed, mph 45 50 
Locomotive weight lb 1033832 
On drivers, Ib 1033832 
Continuous hp... . 6800 
5800 ees 


119000 
Ratings per 100 tons on 
drivers 
Continuous hp.......... 
Maximum hp........... 
Continuous traction effort, 
32370 


162000 


1361 1361 
1578 
31340 


For equal driver weights, the Pennsylvania locomotive with 


Electric 


* Consulting Transportation 
Corporation, Mast Pittsburgh, Pa. 


Engineer, Westinghouse 
Mem, ASME. 


alternating-current motors produces a maximum tractive effort 
equal to the MG type. At speeds, it produces greater horse- 
power for the same weight, making a more versatile locomotive 
for territories where both drag and high-speed service may be 
encountered. 

Any railroad, using the alternating-current system, can be 
assured of excellent motive power with locomotives of the MG 
type, or with those using alternating-current traction motors. 


T. M. C. Martin? Motor-generator locomotives are vir- 
tually without peer in western mountain-grade applications. 
Hence the writer is somewhat at a loss to understand the 
reasons why motor-generator locomotives are so greatly under- 
rated by the motive-power fraternity. It would seem that they 
are deserving of much more attention and respect than they cus- 
tomarily receive. In spite of this paper, and its apparently 
enthusiastic support by equipment-manufacturing personnel, 
nevertheless, the impression exists that the motor-generator 
locomotive is not openly espoused with great joy by the builders. 
It is said to be the most expensive type to build. The writer is 
not in a position to say, but does believe there may be economic 
reasons to support a somewhat higher first cost. 

The apparent recipient of the builders’ most extravagant praise 
in recent years is the straight alternating-current series motor 
locomotive similar to the Pennsylvania’s GG-1 class. Although 
it is freely admitted that, as originally conceived and built, the 
GG-1 could not fulfill the requirements of “laying-up” against 
the load in mountain-grade operations without benefit of arma- 
ture rotation, as described in the paper, there seemingly is agree- 
ment that a locomotive of the series alternating-current type 
ean be built that will equal the performance of the motor-genera- 
tor type in this respect. There are rumors that such a locomotive 
is even now being erected. 

Be all this as it may, and the writer does not wish to be re- 
corded as a scoffer on the basis of the possible physical perform- 
ance of a series alternating-current locomotive, it occurs to him 
that there would still be two or three characteristics peculiar to 
the motor-generator type that would clothe it with definite 
superiority over other electric locomotives. 

Consider, for example, power factor. If it be assumed that a 
series alternating-current type locomotive would have an aver- 
age operating power factor of about 0.8 lagging, it is evident that 
a unit of continuous output rating comparable to the Great 
Northern’s 5018 class motor-generator type would have the 
approximate 5-4-3 right-triangle relationship of 5000 kva, 4000 
kw, and 3000 rkva. 

Even to approximate the Great Northern 5018 class, such a 
locomotive should be equipped with capacitors capable of supply- 
ing at least 3000 rkva. The placement of perhaps 1500 cu ft of 
capacitors, together with their control apparatus on the locomo- 
tive, might require some little ingenuity. It may be doubted 
that such a locomotive could be brought up to unity, much less 
leading power factor anywhere near as easily or economically as it 
is accomplished automatically in the motor-generator locomo- 
tive. 

Next is the matter of regenerative braking. It is generally 
agreed that the motor-generator locomotive is the ideal type for 
regenerative braking. We may disregard the operating advan- 
tages of regenerative braking since the series alternating-current 
type could be provided with a dynamic brake that would be 
almost, if not quite, as good. 

What cannot be brushed aside lightly is the economic waste 
involved in dissipating valuable electric energy unnecessarily in 
resistance grids when it might be returned to the line to serve 


* Electrical Engineer, Bonneville Power Administration, United 
States Department of the Interior, Portland, Ore. 
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useful purposes elsewhere. Evidently most engineers do not 
appreciate fully.the economic value of regeneration on western 
railroads, and the writer would like to develop this subject 


In terms of present utilization on the Great Northern, the 
5018 class is able to approximate only 1.5 round trips or 225 miles 
_perday. This is about 80,000 miles per year—not a particularly 

impressive figure. In freight service with about 2400 gross tons, 
* including locomotive, this is equivalent to about 192,000 kgtm?® 


_ high proportion of heavy-grade operation, let us suppose that the 


_ Great Northern electrification is extended both ways from present 
_ termini until it includes the entire main line from Seattle to 
_ Spokane, some 330 route miles. In this event, individual loco- 
-motive mileage could’ quite easily be brought up to 500 per day 
or 180,000 miles per year. It is estimated that motoring and re- 
; generative energy would approximate 32 kwhr and 4 kwhr per 

kgtm, respectively. The locomotives would now be handling 
- 2400 X 180 or 432,000 kgtm per year, At 4 kwhr/kgtm this 

would mean an annual total of 1,728,000 kwhr of regenerative 
energy, having a value of some $18,000 per year at present Great 
Northern power rates. 

The Great Northern examples cited are believed to be entirely 
typical. Most sections of western main line that are economi- 
cally feasible of electrification have profiles embodying sufficient 
regeneration potentialities to warrant adoption of motor-genera- 
tor-type locomotives for economic reasons alone. Even if pre- 


fied zone, the gross energy consumption (motoring) will be about 
50 kwhr/kgtm, the regeneration will be about 10 kwhr per kgtm, 
making a net consumption of about 40 kwhr/kgtm (all energy 
figures are as of 3-phase, 60 cycles supply points). 

The value of regeneration then is about 1,920,000 kwhr per 
year, which, at the present rate schedules in effeet on the Great 
Northern (fractionally in excess of 1.0 cent per kwhr) amounts 
to about $20,000 per year per locomo‘ive. : 

Lest this appear to be too special a case built around a relatively 


kgtm = thousands of gross-ton-miles. = 
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per locomotive per year. On the present Great Northern electri-- 


sent electric power rates are cut in half, it seems evident that not 
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less than $10,000 can be saved per locomotive per year through 
utilization of regeneration. Couple this with the ability of the 
motor-generator locomotive to produce rather than use reactive 
power, and another 20 per cent saving can be claimed annually. 
The potential savings from these two factors would appear to 
run from $12,000 to $24,000 per locomotive per year, depending 


* upon the basic rate schedules‘under which electric powér is pur- 


chased. If money is assumed to be worth, for example, 6 per 
cent, this is equivalent to saying that a railroad can afford to ex- 
pend from $200,000 to $400,000 more per locomotive for motor- 
generator locomotives even if it is believed there are no other 
reasons for preferring them. It wouldn’t appear that they need 
to cost this much*more per unit to build, and, as the authors 
have shown in this paper, there are many important reasons why 
motor-generator-type locomotives are superior. 

It would appear to the writer that before a railroad purchases 
alternating-current series motor-type locomotives of clearly in- 


ferior characteristics as regards power factor and regeneration 


capabilities: merely on the basis of lower initial cost, it should 
understand fully that it is probably going to be paying a very 
substantial premium in the form of higher operating costs. - It 
can be.demonstrated that in the case of niost western railroads, 
the differential savings resulting from ‘the operation of motor- 
generator locomotives will support a much higher initial cost for 
such locomotives should this be found to be really necessary. 


J. Srarr, Jr."° For the profile and train movements encoun- 


tered on the electrified sections of the Great Northern and Vir- 
ginian Railways, the motor-generator type of locomotive appears 
to be well-adapted. The present paper covers the situation ad- 
mirably. 

It would add to the value of the paper, as a permanent record, 
if “‘speed-traction effort” and “speed-braking effort’? curves were 
included for the latest class of electric locomotive on each of these 
railways. 


1 Electrical Engineer,’The Pennsylvania Railroad, Philadelphia, 
Pa. 


4 


*whicl 


walni 


cure. 
a nec 
stapl 
overt 
tion, 
with 
the n 
and 
shoul 
On 
ence 
estal 
sight 
mud 
inva 
cons! 
mani 
deve 
woul 
A 
chan 
plica 
it ha 
large 
sam 


. 
growi 
due t 
% tives 
bette 
tion 
be th 
vital 
This 
stance 
indu 
i 
N 


4 t 


ts on Postwar Wood Finishing 


Part I—Current Practice 


By P. S. KENNEDY,' NEWARK, N. J. 


The postwar period has witnessed much activity and 
growing interest in the finishing of wood. This has been 
due to the following factors: (1) The ever-present objec- 
tives of greater speed and reduced cost. (2) The desire for 
better and more resistant finishes. (3) Increasing recogni- 
tion that ultimate cost, rather than package cost, should 
be the yardstick of value for finishing products. (4) The 
vital need for a quick and consistent method for anticipat- 
ing the check resistance of lacquer films, in particular. 
This trend has been accentuated by unusual circum- 
stances. These aspects of current conditions in the wood 
industries are treated in this paper. 


GREATER SPEED AND REpucED Cost 


N line with general experience, the postwar period has in- 
cluded a seller's market in the wood industries, together 
with radical increases in labor cost. , Accordingly, aims have 
been to produce finished units rapidly, plus all possible economies. 

‘Probably the sorest spot in wood-finishing materials is the filler 
‘which myst be applied on open-grain woods such as mahogany, 

walnut, and the like, and intensive activity has been directed to a 
cure. In the prewar period, filler was generally regarded as 
a necessary evil, as well as a staple product to be purchased at a 
staple price, like flour or sugar. It was relatively slow drying— 
overnight being the usual minimum drying period—but in addi- 
tion, subsequent performance was unpredictable—particularly 
with lacquer finishes. Various deviltries developed periodically, 
the most poignant of which were the so-called ‘‘graying of pores” 
and an unsightly ‘“muddying’’—usually in sections—of what 
should properly be a uniformly clear transparent-film effect. 

One of the most constructive results of this postwar experi- 
ence has been the growing appreciation by the consumer that the 
established practice of buying filler “at a price” could be short- 
sighted. When one of these epidemics of graying of pores, or 
muddying of films was encountered, the corrective labor expense 
invariably produced a staggering ultimate price tag. Sufficient 
consumers adopted this line of reasoning to encourage the finish 
manufacturer, for the first time, to spend time and money on the 
development of filler, with the assurance that a successful effort 
would receive a just return. 

A receptive attitude was also created toward tolerance of 
change in long-standing shop practice for the handling and ap- 
plication of filler. For instance, a new filler development, because 
it had to be handled faster, might require two men to wipe off a 
large unit, rather than one man. Actual man-hours would be the 
same, howéver. Again, a new filler development might not sus- 
pend as well after reducing for use, and thus require an occasional 
stirring which would not have been necessary with the older 
type. 

1 Vice-President, Finishes Division. 
Mem. ASME. 

Contributed by the Wood Industries Division and presented at the 
Wood Industries Division Meeting, Jamestown, N. Y., September 27, 
1949, of Toe American Society or MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be un- 


derstood as individual expressions of their authors and not tho-e of the 
Society. Paper No. 49—WDI-2. 


Interchemical Corporation. 


_is a subsequent collapsing which shows up as “‘shrinkage.’ 


Thus fillers have come into use, employing various synthetic 
vehicles, as contrasted with the long-accepted linseed-oil vehicle, 
and drying time, not only shortened to periods such as an hour, 
but also giving better clarity, which is another way of saying 
“proof against pore graying and muddied films.”’ The ultimate in 
this direction has been achieved with the stain-filler combinations, 
employing fast-to-light dyes. The best of these products not only 
give ‘‘tops” in clarity; but they are absolute proof against pore 
graying. The explanation for this is that the translucent inert 
pigments, used in the filler, are themselves actually dyed. They 
therefore do not “dry out” or “‘wash out’ to an unsightly pore 
condition. 

Particularly in fast production, such as radio cabinets, opera- 
tors, who have been open-minded in adjusting labor practice to 
conform with the product, have been able to effect important 
economies by the elimination of both material and labor costs. 
For example, a good-quality finish, employing stain and filler sepa- 
rately, first calls for the material and operation of applying a coat 
of stain. Next, a sealer wash coat of either lacquer or shellac of 
low solids content, followed by a scuff-sanding operation. The 
purpose of this is to seal the pores so that when the filler is subse- 
quently applied some of its vehicle is not sucked away by stray 
capillaries in the wood, robbing the full strength of the filler, as 
well as giving “‘smeary”’ pore effects at such points. 

With a stain-filler combination, all of this is combined into a 
single operation with a single product. But while, from this point 
on, the application of the top coats would be identical, the danger 
of graying still exists with the simple filler. Sometimes precau- 
tion is taken against this by formulating so that the filler is tinted 
with so-called oil-soluble anilines. When the top-coat material is 
applied, these anilines “bleed” and in so doing stain the inert pig- 
ment. The objection to this is that it is a temporary measure, as 
these colors are not fast to light and may subsequently provide 
embarrassment. Another method of obviating against graving is 
the application of a shading stain over all. While this tends to 
color over potential gray pores, it is at some sacrifice of finish clar- 
ity, plus being an additional operation. 

In all frankness, it must be admitted that these so-called fast 
fillers and stain-filler combinations, are not as foolproof as the old- 
fashioned filler for wiping and cleaning up; nor for packing the 
pores quite as full. But the good ones do a most acceptable job, as 
the mechanic gets the hang of them. Supplemented by the con- 
tinuing laboratory work of the maker, further improvements and 
refinements are being progressively achieved. 

The best of these synthetic types of fillers do not “heave” like 
the old-fashioned filler. This is temporary “‘lifting’’ from the 
pores, which occurs when top-coat material is freshly applied, and 
gives the illusion of a most flushly filled job. Unfortunately, there 
The 
best of synthetic fillers frequently look “hungry” by comparison 
because they are not so affected by freshly applied top coat, with 
the pore filling remaining fixed. With the continued support and 
co-operation of the user, the future outlook for filler is most prom- 
ising. 

Another angle of reduced cost applies most specifically to 
lacquer jobs. From the standpoint of speed, saving of floor space, 
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and fast and easy touch-up and repair, lacquer is the ideal finish 
for wood. But it does have the shortcoming of what might be 
termed low solids or film thickness. : 

There is g definite limit to the amount of solids which can be in- 
corporated in lacquer and still maintain a suitable’ spraying vis- 
cosity. Roughly speaking, varnish will have twice the solids or 
double the film thickness of a lacquer coat. Much: work has re- 
cently been done to improve this deficiency in lacquer, and along 
two lines; one by increasing the solids content of the lacquer, 
and the other, by hot-spray application. While both of these 
measures have proved effective, from the standpoint of giving 
possibly a 50 per cent increase in film thickness over what is re- 
garded as normal (a 21 per cent lacquer) sufficient resistance and 
objection have developed to prevent general adoption. 

A resultant trend has been to secure the desired film thickness 
by means of synthetic coatings—of which alkyd-urea base compo- 
sitions would be typical—and these are currently finding some 
usage. The cure of these coatings is activated by means of a cata- 
lyst, and while some are available in air dry form, most of them 
require stimulation by heat. The average temperature ranges 


employed are between 130 and 135 F, as there is a pronounced: 


feeling that in exceeding that maximum temperature vagaries of 
wood and glue are apt to cause complications. However, on some 
current government furniture work, specifications call for 
150 F. 
. Best and surest satisfaction is secured by adding the catalyst to 
the coating just prior to the time of use; although some of the 
products are supplied with catalyst added. In this connection, 
_there is always a question of package stability, and potential 
difficulty exists if the user does not have a rigidly enforced system 
of first using up the oldest finishing material on hand. . 
Investigation by finishing manufacturers is currently under way 
with various kinds of synthetics, and further developments can be 
confidently expected with synthetic clear coatings. 


BETTER AND RESISTANT FINISHES 


The advent of the synthetic finishes, besides affording savings 
because of heavier film thickness, introduces varying degrees of 
resistance, which are highly interesting from the sales and service 
angle. When cured, many of them have outstanding resistance to 
alcohol and many other materials which affect lacquer and ordi- 
nary varnish films. 

The maximum properties in these finishes are secured when the 
work is top-coated entirely with these coatings. But for various 
shop reasons there is quite a general trend toward using an un- 
dercoat of lacquer-type sealer, followed by a top coat of the syn- 
thetic. Importantly involved in this is the economy in sanding 
and the avoidance of possible ‘“‘shelving”’ of coats of the synthetic 
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itself when the cure of the undercoat has been carried too far to 
permit of proper knitting between the coats. 

Here again, however, this is a matter amenable to ready control 
in a well-regulated finishing room, because it is possible to get 
satisfactory sanding on undercoats of synthetic, and to provide 
against complete curing of undercoats. 

Cost Versus Packace’Cost 

There has been a decided and significant increase in the applica- 
tion of accounting practice in vood-finishing departments to more 
careful and detailed segregation of césts. In these instances the 
package or container cost of finishing products is no longer the 
prime consideration, and many revealing instances have occurred 
as the result of teamwork between the purchasing agent and the 
finishing superintendent. f 

Actual mileage is not necessarily the most important factor. 
Hospitalization—or touch-up and repair—is frequently the most 


potent figure. Accessories, such as sandpaper, cost real money . 


these days, but are too often taken for granted, rather than in- 
vestigated from the angle of whether much less would be used with 
another finishing product. Savings in sanding, rubbing, and pol- 
ishing time all add up to the careful scrutiny which is being given, 
more and more, and the net importance of which cannot be oVer- 
emphasized. 


Quick Meruop or Testina Lacquer FILMs 


The rugged winter of 1947-1948 not only accentuated the need 
of a greater margin of safety for lacquer films, but for a quick 
method of evaluating them. To be factual, the blame for the 
widespread finish failures should not be laid entirely to the finish- 
ing materials—specifically lacquer. Because of rush and short- 
ages, much lumber and veneer were used, which were not in nor- 
mal condition, to say the least, and the stresses and strains which 
they created placed an undue load upon the lacquer coats. 

However, it emphasized a fundamental deficiency in formula- 
tions to mee* abnormal conditions—not only weather like 1947- 
1948, but changes in merchandising conditions. Typical of these 
would be warehousing of finished products, which will increase im- 
portantly. It is well known that ordinary lacquer films lose check 
resistance on standing; so there is the double problem of pro- 
nounced improvement in lacquer films, and a practical method of 
measuring their strength. 


The present accepted methods for so-called “cold check” are 
not only time-consuming and expensive, but undesirably open for 
error. Hence a radical correction of this situation would be of 
such dynamic importance that the companion paper which fol- 
lows as Part 2 warrants thorough consideration. 
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Two Slants on Postwar Wood Finishing Be: 


Part II—Suggested Method for Predicting Check Resistance 
of Lacquer Films 


This paper presents details of equipment and technique 
for performing control tests on film-forming materials. 
Typical tests are interpreted and correlated, and illustrated 
examples are given of test results on various lacquers. 


HE tendency of clear, lacquer-type furniture finishes to 

fail by severe checking or cracking, especially under expo- 

sure to wide and abrupt changes in temperature, has long 
resisted accurate and significant laboratory prediction and con- 
trol. In an effort to perform control tests of the film-forming 
- media, carefully controlled and presumably representative wood 
panels are prepared, aged for a period of up to 2 weeks and then 
subjected to a systematic cycle of temperature extremes in an 
effort to establish the limits of check resistance of the finishing 
system in question. 

Distinct stresses are set up in a cellulosic film in the process of 
setting. This effect is influenced by the nature of the incorporated 
resin as pertains to solvent release and basic molecular arrange- 
ment, the viscosity of the cellulose, and the thickness of the film. 
The actual moisture content of the film itself, especially in the 
presence of alkyd resins and/or vegetable oils, is a directly per- 
tinent influence on tendencies to check at low temperatures. It is 
indicated by Koenig? that mechanical failures such as checking 
and cracking are rupture phenomena, and the result of external 
and/or internal forces. These phenomena are influenced by non- 
uniformity of thé film or the substratum which leads to local 
stresses. 

Checking of lacquer films is due to three factors, as follows: 


1 The deforming force. 
2 Nonuniformity of the film. 
3 Local stresses exceeding the film strength. 


Deforming forces may be caused by changes in hn cabntente. 
Moveover, the film may undergo contraction on aging, and this 
may lead to stresses and strains in the film which are dependent 
upon the mechanical properties of the coating. The solvent will 
evaporate from the lower layers much more slowly than from the 
outer layers. Consequently, the stresses in the outer layer will 
grow more rapidly than in the lower layers, reach a maximum 
value in the surface laver, and decrease’ in the direction of the 
substrate. However, ‘as the drying and aging proceed, the dis- 
tribution of stresses will become more uniform. Shrinkage takes 
place at a measurable rate for a period of 30 days or more and, 
together with progressive development 
not confined to a short time interval. 


and relief of: stresses, is 
When films dry And age, 


! Supervisor, Physical Testing Laboratory, Finishes Division, In- 
terchemical Corporation. 

? “Shrinkage and Deterioration of Paint Coatings—Part I," by W. 
Koenig, Paint, Oil and Chemical Review, 111, No. 19:15, September 16, 
1948. 

Contributed by the Wood Industries Division and presented at the 
Wood Industries Division Meeting, Jamestown, N. Y., September 
27, 1949, of Toe American Society or Mecuanicat ENGINEERS. 

Norte: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of 
the Society. Paper No. 49——-WDI-2. 


By W. T. SMITH,’ NEWARK, N. J. 


deformation and causes 
The theoretical examination of the mechanical processes 
taking place during film formation indicates that stresses occur 
even while the film dries. 


shrinkage occurs, which results in 


stresses. 


Woop-Panet Tests 


Variation has long beet a persistent attending factor in the 
performance of wood-panel tests for cold-checking tendencies of 
lacquer systems. In an effort to identify the variables influencing 
the result of wood-panel tests, an evaluation of a representative 
furniture-finishing system was made by finishing large plywood 
specimens and cutting them later into smaller test pieces in an 
attempt to minimize wood source variations. The tests were per- 
formed on specification panel stock, especially constructed and 
furnished for test purposes. This panel stock consists of a ®/s:- 
in. yellow-poplar core, or 1'/3-in. yellow-poplar 
banding, and face and back of mahogany and sap gum, respec- 
tively, of about '/s. in., to make up a °/j-in. resin-bonded 


cross- 


panel, 


The lacquer system involved is of the conventional radio- 
cabinet type, consisting of the following: 


1 Non-grain-raising stain. 
2 A light cellulosic wash coat. 7 
3 +A paste filler. 

4 A 20 per cent nonvolatile sanding sealer. 

5 Two coats of a 21 per cent clear rubbing-type finishing 
lacquer. 


This single representative system was used in all tests described 
herein. 

The cold-check cycle referred to consists of the conventional 
1 hr at 120 F, followed immediately by 1 hr at —5 F to complete 
each cycle Inspection is made at an oblique angle in strong light 
after each cold period. 

CONCLUSIONS 

1 The major and basic conclusion evident here is that wood- 
panel tests for cold-check tendencies in any normal scope of 
handling and condition are rampantly inconsistent. 

2 The moisture content of the wood at time of finishing, es- 
pecially within the range of conventional precision woodworking 
practice, is not a significant factor to a consistent degree. 

3 Moisture sealing of the wood member on all unfinished 
surfaces has the effect of causing a slight increase in resistance 
value in isolated sections, but causes a somewhat wider spread of 
results to the end of increasing the inconsistency of the test re- 
sults. 

4 Moisture conditioning of the finished member by storage in 
varying conditions of relative humidity is the most influential 
factor observed here. Variation of moisture content of the 
finished member—wood and finish —from 5 to 10 per cent mois- 
ture content, will effect a variation in check resistance of from 
500 to 800 per cent. 

While the combined precautions of moisture conditioning 


and moisture sealing will, in a majority of cases, prove slightly 
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better than moisture sealing alone, this result is not completely 
consistent. 

6 Checking results cannot be assigned to any continuity or 
relationship of wood structure, even in adjacent sections of the 
game original stock. 

7 It must be concluded that wide variation in results on wood 
test panels may be expected from unpredictable, natural varia- 
tions in wood density, structure, and composition, over and above 
_ the demonstrated sensitivity to handling and ambient condition, 
to the extent that it is not practical or feasible to evaluate the 
checking tendencies of an organic-finish film conclusively by this 
method. 

Fitm Tests ON A METAL SUBSTRATE 

The most exhaustive study of cold-check evaluation on the 
media of wood surfaces will serve mainly to emphasize the number 

and complexity of variables present, or potential, in a wood sub- 


strate. Such are these variables and vagaries of behavior that . 


they cannot all be measured, classified, or even recognized. In 
an out to evaluate the unknown checking potential behavior 
of a finish film on a wood surface, we are employing an unknown 
element over a substrate of a similarly unknown and unpredicta- 
ble nature. In order to permit equitable measurement of a po- 
tential value in a material of unknown behavior, an accompany- 
i medium of known and controllable properties is indispensable. 

Constructive thinking in various fields has led experimenters 
- toward the employment of such constants. 

C. W. Smith’ states that stress lacquers have long been used as 
a surface indicator to show, by induced checking, the presence of 
stress lines in the body of the sibstrate under scrutiny. Stress 
lacquers are specially formulated brittle materials of a known and 
controlled behavior as pertains to tolerance of lateral stresses. 

Castings and similar metal parts are coated to a thickness of from 
0.0003 to 0.0008 in. with these lacquers and subjected to heavy 
operational stress and strain in suitable testing apparatus. By 
the nature and direction of the resulting fracture lines in the 
brittle coating, the stress reaction of the substrate in question may 
be observed and evaluated. 

Since checking failure of wood finishes is the result of an in- 
ability of the surface coating to cope with dimensional changes in 
the substrate, it would seem to follow that systematic controlled 
manipulation of an amenable substrate would permit the assign- 
ment of a specific resistance to the finish film under scrutiny. 

Attempted manipulation of the substrate is the principle in- 

volved in conventional wood-panel checking tests, but the direc- 
tion and extent of the induced dimensional change cannot be con- 

= or predicted in other than very general terms. 

An applicable substrate may be found in the form of very thin 
sheet copper of known and specified temper and ductility. When 
such a surface is coated with the film under test, the sheet and the 
film together may be deformed systematically under hydraulic 
pressure to form a “‘dimple’’ or hemispherical section, the surface 

area of which represents a measurable increase or distention of its 
original dimensions. 

If the film is cured to a constant state, the distention performed 

= controlled low temperature and the distention on the radius of 
the spherical section measured to 0.0001 in., the actual substrate 
expansion at the point of fracture failure of the film may be ex- 
pressed to an accuracy of 0.1 per cent. 

Small‘ states that film flexibility, as evidenced by cold-check 
failure, may be correlated with elongation data, and that there is a 

3 “Brittle Lacquer Stress Analyzers,”” by C. W. Smith, Paint Jn- 
corporating Paint Manufacture, vol. 17, October, 1947, pp. 333-335. 

4“Improvements Derived From Using Resins Designed Specifi- 
cally for Lacquers,” by J. O. Small, Official Digest, Federation of Paint 
and Varnish Production Clubs, no. 288, January, 1949, pp. 23-35. 
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striking correlation between cold-check resistance and the degree 
of elongation. Comparison of values so obtained on standardized 
formulations, on which cold-check data from wood-panel tests, 
as well as from field applications, have beer’ accumulated over a 
period of years, serves to correlate results of the distention 
method with those obtained on wood surfaces. Such comparisons 
also serve to indicate the limits of movement of conventional wood 
surfaces in terms of per cent of area increase and lead to the con- 
clusion that finish failures on’wood surfaces are avoided by main- 
taining a standard of distention potential, at low temperature, at 
a level offering a margin of safety over the range covered by the 
behavior of wood, 

In so calibrating the “distention-potential test,” a series of 
thirty materials was used, the relative cold-check resistances of 
which, in terms of hot and cold cycles, have been well established. 
The distention potentials of these materials fall, Table 1, into 
well-defined groups or fields which have been designated arbi- 
trarily as Classes I to IV inclusive. The atcuracy of the disten- 
tion factor as a criterion of checking potential has been found to be 
such that a specific formulation will not fall out of class unless 
there has been error in compounding. Repetition of tests of the 
same lot of material show an operational aberration in result of be- 
tween 5 and 10 per cent only. 


TABLE 1 ie ATION OF 30 REPRESENTATIVE Me ACQUER 
FORMULAS BY DISTENTION-POTENTIAL TES 


Class IV Class III Class IT Class I 


Tolerated distention Not over 0.0700 to 0.0850 to Over 0.1000 
0.0700 0. 08: 50 0.1000 ° 

Per cent increase in area Not over 1.4to2.3 2.3to2.8 Over 2.8 

rice per cent per cene per cent 

Considered Fairly Good Excellent 

good 

Approximate cycles— 3 or less 8 to 10 15 to 18 Infinite 

number 


Sealers 
Under 21 per cent.... 4 
21 to 25 per cent 
Over 25 per cent 

Lacquers ° 
21 per cent solids 5, 6, 7, 17, a, 9, 10, 11, 

18 12, 13, 28 

25 per cent solids..... 


28 to 30 per cent..... "19, 30, 20° = 27 15 


Routine control methods of this test are such that by use of a 
standardized substrate and controlled coating and curing methods 
it is possible to make an accurate cold-checking evaluation within 
an elapsed time of 24 hours after the sample is received in the lab- 
oratory. 


PREPARATION OF SPECIMENS’ 

Choice of coating methods of the copper specimens is limited by 
the flimsy and flexible nature of the thin sheet which is 0.0050 in. 
+0.0004 in. The most convenient and practicablé method of 
coating was found to be by controlled pour or flowdown. A 7-in. 
length of the 6-in. strip is affixed by masking tape, extending 
1/, in. over the sides, to a stand or easel at 50 deg from the hori- 
zontal. Since two separate flowdowns are made on each such 
specimen plate, '/,-in. tape may-be applied vertically to the center 
of the pane] asa separator. One fluid ounce of the lacquer under 
test is brought to 25 +1 deg C and flowed down over the 2 X 7- 
in. area, pouring as closely as possible to the top edge and com- 


pleting the pour in four rapid passes across the 2-in. space. If the - 


surplus is recovered as it flows from the lower edge, it will be found 
that about 24 ml will be recovered, requiring a consumption of 
about 6 ml or '/; fluid oz (approximately ) for the test film, 
Consideration or control of viscosity or nonvolatile content of 
the materials under test is not made at the time of coating these 
specimens. Since most furniture-type lacquers are supplied 


ready for use, it is presumed that the material under test is of 
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viscosity and solid content amenable to normal spray application. 
Experimentation therefore has been based upon lacquers ranging 
naturally from 21 per cent to 30 per cent nonvolatile, and in vis- 
cosity from 45 sec to 70 sec, ASTM No. 7 Cup, as a representative 
coverage for clear cellulosic materials at spraying consistency. 
Since distention is made of each pour at three stations for an aver- 
age result, the thickness of film deposited at the respective sta- 
tions has been observed and considered carefully. Station A is at 
1'/, in. from the top of the pour, Station B at 3'/2in., and Station 
C at in., respectively. 

Film thickness of the pour, for lacquers at spraying consistency, 
will be found to range from 0.0005 to 0.0007 in. at Station A, ac- 
cording to viscosity and nonvolatile content and to increase about 
0.0002 in. at each subsequent station. Such is the secondary in- 
fluence of the viscosity and nonvolatile factors that their influ- 
ence on film thickness may be ignored in the process of achieving 
a distention-potential value of cellulosic materials at spraying 
consistency. 

Application of the distorting pressure is madedn a modification 
of the familiar Mullen tester used for paper testing, and which is 
modified to a distention apparatus by the addition of a 0.0001-in. 
dial gage, mounted with the plunger contacting the center of the 
operating area for the purpose of measuring the spherical radius of 


the distention® 


CURING THE FILM 
The cure of films for the significant evaluation of distention po- 
tential must be constant for a dual purpose: to bring the films to a 
constant condition as pertains to solvent content, and to insure a 
consistent condition of moisture in the film. It has been found 
that films of this thickness on a copper substrate may be brought 
to a very satisfactory constant condition by curing for 16 hr at 
120 F in a forced-draft convection oven, This forcing period may 
be applied at any time after 15 min following application of the 
films, up to 8 hr. a 
TEMPERATURE AT TiME OF TEST 7 
Actual performance of the distention operation at room tem- 
perature was found to result in a certain instability and inaccuracy 
of result. While the actual degree of error prevailing is not signifi- 
cantly great, it is found that the numerical value of the disten- 
tion factor obtained is approximately proportional in direct ratio — 


DISTENSION IN INCHES 


-§ “10, 
°C OF SUBSTRATE AND FILM 


-20 


Fic. 1 Errect or Temperature at Time of Distenston on Four 
REPRESENTATIVE Lacquer FiLMs 


to the temperature of the film and substrate at the moment of 
drawing, Fig. 1. 

The process of arriving at the correct temperature for testing, 
where a machine based on the Model C Mullen tester is cooled by 
placing it within a refrigerator, is shown in Fig. 2. It will be 
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noted that the hydraulic fluid of the machine will have reached a 
temperature of about —3 C (26.6 F) in 1 hour, a point gener- 
ally satisfactory for making check evaluation distentions. 
PERFORMANCE OF TEST 

Specimens are removed directly from the oven for placement in 
the distention machine for testing. Reduced as the films are by 
the 16 hr of elevated temperature curing to a minimum constant 
as pertains to moisture content, the film will absorb atmospheric 
moisture rapidly after removal from the oven. Since the checking 
potential of many films is affected by moisture content, it is im- 
portant that this factor be maintained constant. 

Under a concentrated light, such as from a microscope illumi- 
nator, directed obliquely on the exposed circular area within the 
clamp of the machine, the incidence of failure of the film by abrupt 
fracture is positive and instantaneous and readily observed. The 
possible variation of rate of application of pressure is not great, 
though turning of the compressing screw at a constant speed is ad- 
visable. The motor-driven machine operates at 120 rpm. On ob- 
servation of fracture failure, the pressure increment is stopped at 
-once, and the vertical distention at the center of the spherical dis- 
tortion is read to 0.0001 in. accuracy. Expression of the disten- 
tion-potential factor in per cent of expansion of the area involved 
is plotted in Fig. 3. The per cent increase of the circular area dis- 
tended into a spherical segment is calculated by the formula 


100D? 


where 


D = vertical distention read from dial of 


distention machine 
R = radius of distended area, or 0.59375 in, 


as 


gage 
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Stations A, B, and C, representing progressive distances from 
the top of the flowdown as previously described, are run succes- 
sively, and the results in 0.0001 in. are averaged for the expressed 
value for the material under test. 


INFLUENCE OF FiLM THICKNESS ON CHECKING TENDENCY 


While it has been customary to assume in both tests and prac 
tice that, all else being equal, checking hazard increases more or 
less in proportion to film thickness, viz., that a heavy film is im- 
mediately more conducive to checking failure, experience in read- 
ing distention potentials and, ergo, the tendency of the film to ex- 
hibit failure by checking, serves to indicate that this ratio is 
not ‘a true proportionate one. Koenig? indicates that the rate 

and extent of the development of stresses in a cellulosic film 
drying by evaporation of solvent, is influenced not only by the 
thickness of the film, but by the rate of evaporation, viz., the na- 
ture of the solvents and the ambient condition of the atmosphere, 
_ the solvent-retention properties of the nonvolatile constituents, 
and the aging factor of the stress development. While it cannot 
be denied that film thickness is a factor in checking propensity, 


proportionate influence cannot be made with impunity. 
Examinations made of films ranging from 0.0005 in. to 0.0050 
in. thickness by the distention-potential method show relatively 
— little proportionate effect due to the fact that a standard proce- 
_ dure of curing the films for test will not develop in all thicknesses 
of film the same degree of stress. The greater mass of the heaviest 
films is prevented from early failure by the presence of unreleased 
solvent and the incomplete development of stresses. The very 
fact that the release of solvent is more gradual, in itself, affects the 
final extent, direction, and nature of the end stresses developed. 
The exact extent and behavior of the end stresses developed in any 
one application and of any one formulation of film-forming mateé- 
rial defying comprehensive regimentation, it does not seem pos- 
_ sible to formulate a rule for the exact effect of film thickness on 
checking tendency. 
The normal effect of film thickness on the distension-potential 
test for one representative low-potential material is shown in 
Fig. 4. An increase here of slightly over 100 per cent in film thick- 
~ness—from 0.0007 in. to 0.0015 in.—serves to reduce the disten- 
tion potential about 200 points, causing its classification to de- 
scend from Class IIT into Class IV. The actual differential rep- 
resented would probably amount to from 3 to 5 cycles of panel 
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checking value. This material is a sealer, and since the curve en- 
— ters Class IV at a film thickness of slightly over 0.0010 in., it is 
~ considered a Class III material with a normal checking potential 
to 10 eycles. 


CLASS II Ve 
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Film thickness of ready-to-spray lacquers may be disregarded 
in this test singe the film deposited by the temperature and angle 
of incident flowdown is in itself a characteristic of the individual 
material. The natural flow and “hang” of the material, as af- 
fected by viscosity, rate of solvent release, and nonvolatile content, 
will induce a similar corresponding effect in commercial applica- 
tion. Thus a material which, as offered at spraying consistency, 
deposits a film of certain thickness having a distention potential 
of a specific value for this normally deposited film of the material, 


may be assigned a significant evaluation of its petential behavior — 


in commercial use. 


Commercial‘application of course connotes a heavier film than 


is used in the laboratjory distention evaluation. It is possible, 
however, by correlation of these results with field experience to as- 
sign a relative value to the behavior of uniformly. cured films 
which is an equitably accurate criterion of their ultimate behavior 
in field use. 

INTERPRETATION AND CORRELATION OF RESULTS 

Values in checking potential which are’ assigned, therefore, 
through the Class I to Class IV evaluation just described, are so 
adjusted as to connote a prediction of the behavior of the ma- 
terial in question in conventional practice... 

All coating materials are evaluated singly whether designed and 
used as an undercoat or as a finishing coat. Such materials are 
usually formulated for reeiprocal association and, as such, will be 
found to fall into a similar bracket of distention potential. In 
this case the resulting distention value is considered the value for 
the complete system, consisting usually of an undercoating and 
two finishing coats. 

Where a wide divergence of value between under and finishing 
elements is obtained, it is indicated that the finishing coat is the 
dominant factor in checking. Not only is a greater amount of this 
material applied in the double coat in conventional use, but by 
being superimposed in the system and exposed to the air, earlier 
development of complete stress is realized. If the undercoat ex- 
hibits a lower distention potential, its effect will be much delayed 
by the slower development ef stresses due to its submergence in 
the system. Further, the undercoat, lying adjacent to the insu- 
lating substrate formed by wood, is never subjected to as abrupt 
thernial shock as is the surface coating. 

Adequately accurate predictions of the potential checking re- 
sistance of furniture-type finishing systems may be made by as- 
signing a value to the system, based’ upon the proportionate ap- 
plication of the respective materials in question. Thus if an un- 
dercoat and finishing coat fall into the same distention potential 
class, that value may be accepted as the value for the system, 
Unless the distention potential of the undercoat is two or more 
classes below that of the finishing coat, the value of the finishing 


coat may be accepted for the entire system in practically all” 


cases. Where the differential between materials is several classes, 
the aggregate point for the’ system will fall’a point between the 
extremes proportionate to the number of applications of each re- 
spective material. For example, in case of a wide divergence in 
undercoat and top coat to be used as a single and double coat, re- 


spectively, the potential checking-point value will be approxi- , 


mately one third of the differential between the individual values 
below the greater. 

It may be that the underlying causes of cold checking, especially 
as pertain to basic formulation characteristics, have not been un- 
dérstood completely. Sanding sealers, for example, are generally 
considered to be “short”? materials as a céncession to their incor- 
porated sanding property. The issue, however, is confused in a 
measure by the fact, that not, all the factors conducive to produc- 
tion of a “short film,” are contributors to early cold-checking 
tendency. The use, for example, of metallic soaps as sanding 
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agents does not contribute largely to checking tendency, nor does 
the amount of added plasticizing agent or the rate of solvent re- 
lease. The principal offender in cold-check failure is the hard 
resin. Softness or ‘‘cheesiness’’ of a sealer film, or even some de- 
gree of brittleness, 4s evinced by some such test as a mandrel 
bend, do not necessarily connote low cold-check resistance. De- 
crease or omission of plasticizer in a typical furniture-lacquer 
formulation will be reflected in the distention potential, and ina 
manner which reveals that the effect of plasticity so induced is 
not proportionate but takes the form of a logarithmic curve. 

In Fig. 5, material (A), a high-grade piano lacquer, falls from its 
normal position as a Class I material at a distention factor of 
0.1153 to Class III, distention factor 0.0833 with the omission of 
25 per cent of the nornial plasticizer. It remains thereafter in 
Class III even when plasticizer is omitted completely. Material 


0.1100 * 
CLASS I 
A CLASSIT 


DISTENSION IN INCHES 


0.0800 r CLASS IT 
0.0700} 
CLASS IV 
i L iL 
100 75 50 25 ° 
PER CENT NORMAL PLASTIZER 
Fic.5 Evrrect or Piasticizer CONTENT ON DisTENTION Hicu-* 


PorenTIAL Piano Lacquer (UpPeR Curve) a Crass IT Rapro- 
CaBINneT MATERIAL 


450 
0.1200} 
ral 
> 0.1000 « 
= 0.0900} 
ral 


ABC DEFGHI JKLMNOPQRSTUVW 
PLASTICIZER 
Fic. 6 Lack or Between Distention 


(Sotip Line) AND Swarp Harpness (BROKEN LINE) oF CELLULosIC 
Wits 23 Dirrerent 


(B), a conventional furniture rubbing lacquer, has, as shown, a 
normal distention potential of approximately 0.0800. Elimina- 
tion of 37.5 per cent of the plasticizer causes the rating to fall into 
Class IV, where it remains throughout the progressive elimination 
of the remainder of the plasticizer. The addition of extra plas- 
ticizer, to the extent of overplasticizing the material by 20 per 
cent, serves to raise the distention potential of the material into 
Class I at sacrifice of course of other such essential properties as 
resistance to printing and shrinkage. 

Significant development of high distention potential does not 
occur until the maximum permissible plasticity (as gaged by other 
pertinent factors) is approached or exceeded. Varying amounts 
of plasticizer will not affect the ‘distention potential of a film in the 
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same ratio as they will a mandrel bend or similar flexing or bend 
test. 

That distensibility is a distinct property of the film is shown — 
clearly in Fig. 6. Here a standard cellulose-resin solution was 
treated with 23 different plasticizers. Distentions were made, and 
the results plotted in ascending order. 
films drawn on plate glass by doctor blade are plotted in superim-_ 
posed position over the distentions. 
lationship in these properties needs no comment. 

Fig. 7 shows equipment for distention of test sheets. Fig. 8 
shows a typical test plate. Two pours, or flowdowns are shown, 
each with its respective three test stations. This is a lacquer of - 
very high distention potential showing no failure here with all — 
stations drawn to approximately 0.1840 in. in a vertical direction. 

Fig. 9 shows a typical failure in a high-grade piano lacquer. 
The film thickness here is 0.0011 in., and the recorded distention — 
potential, 0.1080, making this a Class I material which might be | 
expected to resist efforts to check it on wood panels for an almost 
infinite number of cycles. 


Sward hardnesses of the — 


The obvious absence of re- 


Fig. 10 shows the same piano lacquer having the distention test 
run on a heavy film of 0.0023 in. thickness. The ‘‘veined leaf” 
pattern is typical of the failure obtained from a thick film of high- 
potential material. The distention potential obtained here is | 
0.0963, showing that the excessive film causes a recession of value 
to the extent of one class only. 

Figs. 11 and 12 are typical extreme fractures obtained from 
The concentric 
Fig. 11 is a clear | 


very brittle materials of low checking potential. 
fracture and .glasslike shattering are typical. 
furniture lacquer showing a distention potential of 0.0648. This is 
a Class IV material which would not be expected to exceed 3 cy- 
cles of panel testing. Fig. 12 of the same basic formula is a low- 
potential batch failing at 0.0567. Note the glasslike shattering 
combined with concentric fracture rings. 
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Faicure or A Low-Porentiat Britrie Lac QUER SHOWING 
Typicat Concentric FRACTURE 


Fic. 12. Fatture or a Very Britrte Low-Potrentiat Lacquer 
(Concentric fracture supplemented by glasslike shattering ) 


Fie. 13) “Aviicator” Patrern Far.ure or a Sort FLexi- 


Fig. 13 illustrates the characteristic uniform small-pattern 
check of a soft “cheesy” film material. Here, as in the other illus- 
trations, the fracture pattern itself is not a criterion of check-re- 
sistance potential, but the failure, when reached, will take these 


general forms in accordance with respective film types. The ma- 
terial shown in Fig. 13 is a sanding sealer. It is a high-check-re- 
sistant material having a distention of 0.0924 or Class II, and 
connoting a panel-test resistance of 15 to 18 cycles. 
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By W. 


The effects of cyclic and of continuous immersion in hep- 
tane, toluene, and SR-6, a test fuel, on the weight, di- 
mensions, and flexural properties of nineteen samples of 


laminated plastics are reported. No one sample exhibited, 


smaller changes than all other samples in all properties 
for all fuels, and for both cyclic and continuous immersion. 
The best weight and dimensional stability in the cyclic 
test was shown by a glass-fabric unsaturated-polyester 
laminate. The changes in flexural strength as well as in 
modulus of elasticity were losses in the majority of cases 
after the cyclic- and the continuous-immersion test. 
The unsaturated-polyester laminates varied widely among 
themselves in regard to the magnitude of the changes in a 
given property after an immersion test. 


INTRODUCTION 


ous fuels on the properties of laminated plastics is needed to 

evaluate these materials for use on aircraft, and to prepare 

cifications for such materials as are found suitable for this 
purpose, 

This paper presents the results of tests made to determine the 
effects of cyclic and continuous immersion in three fuels on the 
weight, dimensions, and flexural properties of nineteen represen- 
tative laminated plastic materials. The cyclic-immersion test 
involved alternate 24-hr periods of fuel-immersion and air-drying. 
The continuous-immersion test involved immersion in the fuels 
for different-periods of time between 7 and 360 days. Both types 
of test were carried out at only one temperature, 77 F. 

In view of the variability in properties to which the materials 
herein examined are usually subject, no attempt has been made 
to draw general inferences regarding the superiority of one or 
more of these materials relative to the others. 

This investigation, conducted at the National Bureau of 
Standards, was sponsored by and conducted with the financial 
assistance of the National Advisory Committee for Aeronautics. 


| NFORMATION regarding the effects of immersion in vari- 


MATERIALS AND FUELS 


The materials used in this investigation included commercial 
grades such as Grade C, L, and AA phenolic laminates, and several 
experimental materials of interest for aircraft application 
The experimental samples were as follows: A number of un- 
saturated-polyester resin laminates reinforced with glass and 
cotton fabrics, a cotton-fabric melamine-resin laminate, a high- 
strength-paper phenolic laminate, a rayon-fabric phenolic lami- 
nate, two experimental phenolic laminates made with high 
using the same 
© cotton fabric 9s filler, and a paper-base lignin laminate. 


pressure and low pressure, respectively, Grade 
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understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—F-32. 
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The materials are described in detail in Table 1. They were 
obtained in the form of sheets approximately '/s in. thick. 

The fuels used were heptane (an aliphatic hydrocarbon), 
toluene (an aromatic hydrocarbon), and SR-6, a representative 
aircraft test fuel (a blend of aliphatic and aromatic hydrocar- 
bons). The heptane used was a commercial n-heptane and the 
toluene, a technical toluene, both supplied by the Phillips Petro- 
leum Ccmpany. The SR-6 used was a mixture of di-isobutylene 
(60 per cent), toluene (20 per cent), xylene (15 per cent), and 
benzene (5 per cent), and 0.2 lb of aviation-gasoline inhibitor per 
1000 gal, supplied by the Standard Oil Company of New Jersey. 
The inhibitor consists of 50 per cent of n-butyl-p-aminophenol, 
30 per cent of isopropyl alcohol, and 20 per cent of anhydrous 
methanol, and is added in order to hinder the oxidation of the 
di-isobutylene, a diolefin, with consequent gum formation. 


Test PRocEDURES 


Specimens. The dimensions of the test specimens were 1 in. 
X 3in. X the thickness of the sheet. The specimens were ma- 
chined on a surface grinder with tap water as a coolant. The 
length and width were kept to within +0.005 in. of the given 
dimensions. One surface of each sheet was arbitrarily designated 
as the reference surface. The specimens of the cloth laminates 
were cut so that the direction with the greater number of threads 
per inch in the reference surface was lengthwise. As all the paper 
laminates were crossed-ply materials, the lengthwise direction 
of these specimens was arbitrarily taken parallel to one edge. 
The weight of the specimens varied from approximately 7 to 12 
grams. 

The specimens which were to be immersed were conditioned 

for 48 hr at 77 F and 50 per cent relative humidity (RH) prior 
to starting the tests. 
The weight was determined to the 
nearest milligram. The length was measured to the nearest 
0.001 in., and the width and thickness to the nearest 0.0001 in. 
The length was measured at two places, and the width and thick- 
ness at three places. The changes in weight and dimensions 
were determined with two specimens of The 
changes in the length and width columns presented in the tables 
were determined by taking the mean of the average length changes 
and the average width changes 


Weight and Dimensions. 


each material. 


Flexural Properties. The flexural tests were made in accord- 
ance with method No. 1031 of Federal Specification L-P-406a,* 
using the 1200-lb scale of the 2400-lb-capacity hydraulic testing 
machine shown in Fig. 1. The flexural apparatus, Fig. 2, has 
been described.‘ Load-deflection graphs were obtained in each 
test on a Southwark-Templin autographie recorder, which was 
operated by a Southwark-Peters plastics extensometer. 

The 1 X 3-in. specimens, which were immersed in the various 
test fuels, were cut into two 1 X 1.5-in. specimens for the 
General 

Wash- 


Plastics, Organic; 
Government Printing Office, 


5’ Federation Specification L-P-406a: 
Specifications, Test Methods; 
ington, D. C., January 24, 1944. 

Variable Span Flexure Test Jig for Plastic Specimens,’’ by B. M. 
Axilrod, R. W. Thiebeau, and G. E. Brenner, ASTM Bulletin no. 148, 
October, 1947, p. 96. 
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Hexural Because the test 
span-depth ratio of 8:1 was used 
by Federal Specification L-P-406a. The reference surface of the 
specimen was on the tension side during the test. The radius of 
the support and pressure pieces was '/;,ip. The relative rate of 
head motion was 0.01 ipm. : 

The flexural strength and the flexural modulus of elasticity 
were calculated in accordance with the equations given in.method 
No. .1031 of Federal Specification L-P-406a. “The flexural- 
strength values reported are considered to be accurate to 1 per 
cent, and the flexural modulus of elasticity values to 3 per cent. 
All the values for the flexural properties are the averages obtained 
with four specimens except the initial values, which are the aver- 
ages for six specimens. ; , 

The initial values for the flexural properties were determined on 
specimens which were heated in a circulating-air oven at 122 F 
for 48 hr and then conditioned for 48 hr at 77 F and 50 per cent 
RH prior to test. The changes in the flexural strength and the 
Hexural modulus of elasticity as a result of immersion in the vari- 
ous fuels were calculated from these initial values. - 

Cyclic and Continuous F uel-Immersion Tests. Each cyclé of the 
cyclic fuel-immersion test consists of a 24-hr immersion and a 
24-hr drying period. The specimens were immersed individually 
in 200 ml of test fuel in closed glass containers. Weight and 
dimensional measurements and flexural tests were made after 
10 cycles of test and reconditioning at 77 F and 50 per cent RH 
for 48 hr. : 

The continuous fuel-immersion test consists of 7, 30, 90, 180, 
and 360 days of immersion. The specimens were immersed in- 
dividually in 200 ml of test fuel in closed glass containers. Weight 
and dimensional measurements and flexural tests were made im- 
fnediately after removing the specimens from the fuel on one set 
of specimens, and after reconditioning for 7 days at’77-F and 50 
per cent RH on a second set. 


specimens were too short, a 
instead of 16:1, as prescribed 


tests. 


TABLE 2 
CYCLIC FUEL-IMMERSION TEST¢ 


Change” in veight ins 
Heptane Toluene SR- Heptane 
Lignin paper 

D 0.08 
Phenolic; high-strength paper 


c 
s 


Phenolic; cotton fabric 
J (Grade L) 
I (Grade 
W (Grade C) 
L (Grade C; low pressure) 
Phenolic; rayon fabric 
Phenolic; asbestos fabric 
K 
Melamine; cotton fabric 
M 
Unsaturated polyester; cotton fabric 
F 
H 
N 
Unsaturated polyester; glass fabric 
0:08 
0.12 


0.00 
0.17 


Each cycle of the test consists of a 24-hour immersion and a 24-hour 
were made after 


10 cycles of testing and reconditioning at 77° F and 50 percent 


drying period. Weight and dimensional measurements 
relative humidity for 48 hours. 


Based on average value for two specimens. 


‘in thickness are negative. 


CHANGES IN WEIGHT AND DIMENSIONS OF LAMINATED PLASTICS AFTER THE 
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ResuLtTs AND Discussion 

Weight and Dimensional Changes. The changes in weight, 
length, width, and thickness of the laminates immersed in hep- 
tane, toluene, and SR-6 are shown in Table 2 for cyclic fuel im- 
mersion, and in Tables 3 to 5, and Figs. 3 to 5, inclusive, for con- 
tinuous fuel immersion. The samples having changes greater 
than +1 per cent for weight, 0.1 per cent for length and width, 
and +0.5 per cent for thickness in the cyclic fuel-immersion test 
and after 360 days of continuous fuel mmersion are shown in 
Table 9. The data for the low-pressure Grade. C phenolic lami- 
nate V were not included in the tables and in the discussion be- 
cause of its great variability, but are shown in Figs. 3 to 5. 

(a) Cyclic Fuel-Immersion Test. In the cyclic fue!-immersion 
test, practically all of the weight changes of the samples for all 
the fuels as well as the majority of the dimensional chartges for 
heptane and toluene are positive. In SR-6 nearly one half of 
the changes in length and width, and over one half of the changes 
The positive changes indicate that 
there is some retention Of liquid accompanied by a slight swelling. 
Considering the magnitude of the changes for each sample in the 
three fuels regardless of sign, in the majority of cases the greatest 
changes in weight, and length and width of the samples occurred 
in toluene, whereas in thickness, the greatest changes were fairly — 
well distributed between toluene and SR-6. 
changes obtained with toluene compared to heptane may be 
partly ascribed to the greater volatility of heptane. 

None of the samples showed weight changes in heptane of over 
0.5 per cent, and about one half of them exhibited changes of 
0.1 per cent or less. In toluene, the cotton-fabric unsaturated- 
polyester laminate N showed a change of 2.83 per cent. The 
remainder of the laminates changed. less than 1 per cent, and 
about one half of the samples showed changes of less than 
0.5 per cent. In SR-6 the laminate N showed a changé of 1.54 
per cent. The remainder of the samples showed changes of less 

than 0.35 per cent, and nearly 
_ one half of the samples exhibited 
changes of 0.05 per cent or less, 
The glass-fabric unsaturated- 
polyester laminate X had the 
smallest average change for the 
three fuels, with individual 
values of less than 0.1 per cent. 

The laminate N showed length 
and width ehanges of 0.11, 0.14, 
and 0.16 per cent in heptane, 
toluene, and SR-6, respectively. 
The remainder of the samples 
exhibited changes of ‘less than 
0.1 per cent. 

The cotton-fabric unsaturated- 
polyester laminate N in toluene 
and SR-6, and the low-pressure 
Grade C phenolic L in SR-6, 
showed thickness changes of 2.3, 
1.2, and 1.6 per cent, respec- 
tively. The remainder of the 
samples changed less than 1 per 
cent. 

The laminate X exhibited the 
greatest. stability and the lami- 
nate N the least. 

{b) Continuous Fuel-I mmersion 
Test. In the continuous-immer- 
sion test the majority of the 
changes in weight and dimen- 

The 


The greater positive 


sions were positive. 


¥ 
4 
¢ 
0.42 0.01 0.02 
2-36 0.02- 0,01 
0.85 0.05 0.0% 
| 0.88 0.14 0.03 
0.33. 0.32 0.0% 
0.83 0.20 0,02 
0.65 -0.03 0.03 
0. 0.00 0,02 
0.0% 0.0% 
2.83 1.5% 0.11 
0.30 0.1% 0.00 
0.08 0.08 0.02 
0.20 0.16 0,02 
AA 0.29 0.06 0.00 
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IMMERSION IN HEPTANE, TOLUENE, AND SR-6 FUEL BLEND 
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Fie. 4 Caances Lenora anp Wiptn or LaMINATES IN PROLONGED FuEL-IMMERSION Tests 
O-tested immediately after removal from the fuel. X-tested after reconditioning for 7 days.) 


changes, regardless of sign, were equal to or higher for the Among the glass-fabric unsaturated-polyester laminates, samples 
“tested immediately” condition, as compared with the “recondi- _ E and AA exhibited changes higher than 1 per cent in each of the 
tioned 7 days” condition in the majority of cases. In the three fuels during the course of the 360-day immersion tests, 
majority of cases toluene caused the greatest changes. In compared with sample X which at no time changed as much as ' 
weight and dimensions, the changes in the majority of cases 0.3 per cent. The cotton-fabric unsaturated-polyester laminate , 
attained their maximum values at the-180-day period. The H showed changes rouglily gne tenth of those of sample N, a 
reduction in the changes during the succeeding 180-day period material-absorbing greater than 5 per cent of liquid in each of the 
indicates that the fuels may have dissolved some of the resin. - fuels. : : 
It is noted that for a given type of laminate, the weight changes Similar behavior, namely, a wide spread in the changes for 
varied ccnsiderably among the samples. For example, samples samples of a given type of laminate, is evident (Table 5) in the 
J, 1, and W are all Grade C laminates made with the same phe- thickness changes of the unsaturated-polyester laminates. 
nolic resin. In most cases the changes for sample W for all three A comparison of the changes in the various samples after 360 * 
fuels are about double the corresponding values for sample J. ; 
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Weight Changes at 360 Days. In heptane the cotton-fabric 
unsaturated-polyester laminate N and the glass-fabric unsatu- 
rated-polyester laminate AA in the “tested immediately” condi- 
tion showed changes of 6.60 and 1.44 per cent, respectively. The 
remainder of the samples exhibited changes of less than 1 per 
cent, both when tested immediately and after 7 days of recon- 
ditioning. In toluene more than one half of the samples when 
D tested immediately and more than three fourths of the materials 
in tests after reconditioning 7 days showed changes of less than 
1 per cent. In SR-6 the laminates N, E, and AA in the tested 
immediately condition, and the laminate N in the 7-day condi- 
tion showed changes of 9.32, 1.30, 1.65, and 4.34 per cent, respec- 
tively. The remainder of the samples had changes of less than 
1 per cent. The lignin paper laminate D, the Grade C phenolic 
laminate J, and the glass-fabric unsaturated-polyester laminate 
X have the least average changes for all fuels, and both test con- 
ditions with‘no individual changes greater than 0.3 per cent. 
Length and Width Changes at 360 Days. The laminate N in 
heptane and SR-6, and the laminates F, H, K, and N in toluene 
showed changes greater than’0.1 per cent. The remainder of 
the samples exhibited changes of 0.1 per cent or less. 

Thickness Changes After 360 Days. The unsaturated-poly- 
ester laminates F, N, and X in heptane, E, F, N, Y, and AA in 
toluene, and N and AA in SR-6 showed changes greater than 
0.6 per cent in either test condition or both. The remainder 
of the samples had changes of 0.6 per cent or less. 

Changes in Flerural Properties. The changes in flexural 
strength and flexural modulus of elasticity of the laminates 
after immersion in heptane, toluene, and SR-6 are shown in 
Table 6 for cyclic fuel immersion, and in Tables 7 and 8 and 
Figs. 6 and 7, for continuous fuel immersion. The laminates 
exhibiting losses greater than 10 per cent for flexural strength 
and 5 per cent for flexural modulus of elasticity in the cyclic fuel- 
immersion test, and after 360 days of continuous fuel immersion 
are listed in Table 9. The data for the low-pressure Grade C 
phenolic laminate V were not included in the tables and in the dis- 
cussion because of its great variability but are shown in Figs. 6 
and 7. ‘ 

(a) ‘Cyclic Fuel-Immersion Test. In the cyclic fuel-immersion 
test approximately two thirds of the changes in flexural strength 
and in flexural modulus of elasticity are negatjve in each fuel. 


#0 200 300 © 200 300 
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PERIOD OF IMMERSION, 
X-tested after reconditioning for 7 days.) : ' 
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CHANGES IN THICKNESS OF LAMINATES IN PROLONGED FuEL-IMMERSION TESTS 
(O-tested immediately after removal from the fuel. 


Considering the changes for each sample in the three fuels, it is 
noted that the losses are well distributed among the three fuels. 
The Grade AA phenolic laminate K exhibited the greatest posi- 
tive changes in all three fuels in both flexural strength and flexural 
modulus of elasticity, although the initial values of these two 
properties for sample K are among the lowest. 

Of the eighteen samples tested in each fuel, only four, none of 
which was a cotton-fabric phenolic, bad losses in flexural strength 
greater than 5 per cen‘. Two samples, the glass-fabric unsatu- 
rated-polyester laminate E, and the cotton-fabric unsaturated- 
polyester laminate N had losses greater than 10 per cent in each 
of the three fuels. 

Approximately one half of the materials exhibited losses in 
flexural modulus of elasticity less than 5 per cent in each fuel. 
Only the enameled-cotton-fabrie unsaturated-polyester laminate 
H and the Grade L phenolic laminate J had losses greater than 
10 per cent in each of the three fuels. 

The samples which showed the greatest flexural stability in the 
three fueis were the cotton-fabric melamine laminate M, the 
cotton-fabric phenolic laminate L, the high-strength-paper phe- 
nolic laminate 8, the cotton-fabric unsaturated-polyester lami- 
nate F, and the glass-fabric unsaturated-polyester laminate AB. 
The changes in both flexural strength and flexural mcdulus of 
elasticity did not exceed 5 per cent. Samples X and K, which 
showed increases but no decreases greater than the foregoing 
limits, were considered to have withstood the cyclic immersion 
test favorably. The cotton-fabric unsaturated-polyester lami- 
nate N exhibited the greatest changes. 

(b) Continuous Fuel-Immersion Test. In the prolonged fuel- 
imthersion test most of the changes in flexural strength and flex- 
ural modulus of elasticity are negative. Eighty per cent of the 
differences in the percentage values between the “tested im- 
mediately” and “reconditioned 7 days” conditions of test for the 
three fuels in flexural strength and flexural modulus of elasticity 
are 5 or less. It is considered that differences of this order are 
not significant. This indicates that in the majority of cases the 
deterioration occurred during the immersion, and that retained 
solvent in the tested immediately condition had little effect 
on the strength and modulus of elasticity. Most of the differ- 
ences for flexural strength and flexural modulus of elasticity were 
approximately the same for the three fuels in the two test condi- 
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CROUSE, CARICKHOFF, FISHER—EFFECT OF FUEL-IMMERSION ON LAMINATED PLASTICS 
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(O-tested immediately after removal from the fuel. 


tions; where there were exceptions, the differences were ustially 
‘greatest in toluene. Most of these large differences took place.in 
the unsaturated-polyester laminates. 

At no time during the continuous-immersion test, did any 
cotton-fabric phenolic laminate show losses in flexural strength 
exceeding 10 per cent in the three fuels. This was also true of 
two glass-fabric unsaturated-polyester materials, X and AB, 
the paper-phenolic laminate 8, and the rayon-phenolie laminate 
Z. The cellulose-filled phenolic laminates exhibited the follow- 
ing trend with regard to the flexural modulus of elasticity in the 
course of the immersion tests: After 7 days of immersion, the 
changes were losses, and as the test progressed the losses de- 
creased with some samples showing gains at the end of the test. 
The changes for the cotton-fabric phenolic materials were about 


X-tested after reconditioning for 7 days.) 


10 to — 20 per cent at 7 days, and at 360 days the changes were 
about —5 to +5 per cent. 

It is noted that, just as in the cyclic-immersion test, the various 
samples of polyester laminates varied considerably in their 
flexural-strength behavior on prolonged immersion, 

A comparison of the changes in the flexural properties of the 
various samples after 360 days of immersion in the fuels follows: 

Flexural Strength Changes at 360 Days. In heptane only the 
unsaturated-polyester laminates E, N, and Y showed losses 
greater than 10 per cent. In toluene the only samples that 
showed losses greater than 10 per cent in either test condition were 
all unsaturated-polyester laminates. Samples X and AB were 
the only materials of this type which did not exceed 10 per cent 


loss. In SR-6 only the unsaturated-polyvester laminates E, N, 
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Property Heptane 
Weight (> 1 percent change): 
Cyclic immersion. 
Continuous immersion, 360 days:" 
Tested immediately....... 
Reconditioned............ 
Length and width 
(> + 0.1 percent change): 
Cyclic immersion........... N 
Continuous immersion, 360 days: 
Tested N 
Reconditioned. . N 
Thickness (> per ovat change): 
Cyclic immersion........... AA 
Continuous immersion, 360 days: 


N, AA 


Reconditioned............ AB 


Flexural strength 
(> —10 per cent change): 
Cyclic immersion.......... 2. E, N 
Continuous immersion, 360 8: 
Tested immediately....... E, N, Y 
Reconditioned............ 


Flexural modulus of elasticity - 
(> —5 per cent change): 


* Continuous immersion, 360 days: 
Tested 
Reconditioned............ 


of the V material, it was not included in this summary. 


and Y showed losses greater than 10 per cent. In each of the 
three fuels and for both test conditions, nearly one half of the 
samples had losses greater than 5 per cent. The Grade AA phe- 
nolic laminate K was the only material which exhibited increases 
for both test conditions in each of the three fuels: 

Flexural Modulus of Elasticity Changes at 360 Days. In hep- 
tane none of the samples exhibited losses greater than 5 per cent 
for either test condition. In toluene the unsaturated-polyester 
laminates X and Y showed losses of 1 per cent or less in either test 
condition. The remaining unsaturated-polyester laminates 
showed losses of 5 per cent or more. In SR-6 the only samples 
which had losses greater than 5 per cent in either test condition 
were the unsaturated-polyester laminates E, N, and AB, and the 
lignin-paper laminate D. The phenolic laminates K, L, and §, 
and the melamine laminate M were the only samples which ex- 
hibited increases for both test conditions in all three fuels, and the 
phenolic laminate K had the largest increases. 

The only sample which exhibited changes not exceeding 5 per 
cent® in both flexural strength and modulus of elasticity after 
360 days of immersion in each fuel was sample J. Other samples 
exhibiting satisfactory behavior were the asbestos-fabric phenolic 
laminate K, which exhibited positive changes, and the cotton- 
fabric phenolic laminates L and W, which showed no losses 
greater than 5 per cent but whose increases were more than 5 
per cent in some instances. The cotton-fabric unsaturated- 
polyester resin laminate N showed the greatest losses in flexural 
properties. 


CONCLUSIONS 


The following conclusions refer to the actual numerical re- 
sults obtained in this investigation. Since there may be appre- 
ciable differences in the properties of individual sheets taken 
from the same batch, in different batches made by the same 
manufacturer, and in similar laminates made by different manu- 
facturers, any general inferences drawn from these data about a 
given type of laminate should be considered tentative. 


5 Changes in the flexural properties less than 5 per cent are not 
considered significant due to the variability of the material. 
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TABLE9 SAMPLES WITH CHANGES IN PROPERTIES GREATER THAN SELECTED VALUES 
INDICATED IN THIS.TABLE AFTER eee IN HEPTANE, TOLUENE, AND SR-6 FUEL 


Tested immediately....... 


Cyclic immersion............ C, D, E, H,1,J,N,Z,AA E,H,J,N,W,Z,AA H,1,J,N, W,Z, AA 


@ The letters are the designations for the laminates tested as shown in Table 1. 


FEBRUARY, 1950 


Toluene 


E, F, H, N, AA, AB E, N, as 
E, F, H, N, AA ° D, E, 


*Due to the variability 


1 No one sample exhibited smaller changes than all the other 
samples in all properties for all fuels and for both cyclic and con- 
tinuous immersion. 

2 In all three fuels, the weight changes of the majority of the 
laminates were less than 1 per cent in the cyclic test, and did not 
exceed 1.5 per cent after 360 days of continuous immersion. The 
largest weight changes were usually obtained with the unsatura- 
ted-polyester laminates in toluene. 

3 With very few exceptions, mainly cotton-fabric unsaturated- 
polyester samples, the length and width changes after either the 
cyclic or the 360-day immersion in the fuels did not exceed 0.1 
per cent. In both types of test the changes in. thickness were, 
in the majority of cases, less than 1 per cent. The exeeptions 
occurred mainly in the 360-day immersion test for several un- 
saturated-polyester laminates in toluene. 

4 The best weight and dimensional stability in all three fuels 
in the cyclic test was observed with the glass-fabric unsaturated- 
polyester laminate X. 

5 After the 360-day immersion test, the weight and dimen- 
sional changes were, in the majority of cases, higher for the sam- 
ples when tested immediately as compared with measurements 
after reconditioning for 7 days. 

6 The changes in flexural strength for the cyclic test and after 
the 360-day immersion test were, in the majority of cases, nega- 
tive. However, the losses were less than 10 per cent for all 
samples, except some unsaturated-polyester laminates. For the 
latter samples in the 360-day test, greater losses usually occurred 
in,toluene than in the other fuels. 

7 The changes in flexural modulus of elasticity were, in the 
majority of cases, negative in the cyclic and the continuous-im- 

mersion tests. In the cyclic test no losses greater than 10 per 
cent were shown by the samples, except one phenolic laminate 
and several unsaturated-polyester samples. After 360 days of 
immersion, no losses greater than 10 per cent occurred except 
for some unsaturated-polyester laminate samples in toluene or in 
SR-6 or in both. 

8 The unsaturated-polyester laminate samples varied widely 
among themselves in regard to the magnitude of the change in a 
given property after the immersion tests. ° 
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A brief description is presented of certain principles 
of design and analysis for power elements of commercial 
gas-turbine plants. These principles are based upon the 
experience of the gas-turbine engineering group of the 
author’s company. The discussion comprises a review of 
procedures for analysis of turbine performance and de- 
sign of blading and blade-carrying elements. Since the 
mechanical reliability and useful service life of a gas- 
turbine plant are governed almost entirely by the design 
of the power element, such a design must be a compromise 
between requirements .for high efficiency, dependability, 
and low first cost. The fulfillment of these requirements 
is assisted by the organization of fundamental principles 
and experience into basic design practices. 


INTRODUCTION 


lS UMEROUS technical discussions have been published 

concerning the general features and potentialities of gas- 

turbine plants for land, marine, and air service. This 
paper is restricted to the consideration of a single component of 
the gas-turbine plant, namely, the basic power element. The 
problems under discussion comprise (a) the design of the turbine 
blade path from the standpoint of fluid mechanics, and (b) the 
basic principles of stress analysis used for the blades and blade- 
carrying elements. The mechanical construction of such parts 


_ as casings, bearings, supports, and governors is not included. 


GENERAL DESIGN PRINCIPLES 


Importance of Optimum Design. The net output of a gas-tur- 
bine plant is represented by a surplus in power produced by an 
expansion element over the power demand of a compression ele- 
ment. On an average, the ratio of gross power to net power is 
of the order of 2 or 3 to 1. Assuming a constant compressor 
demand, an increase of 1 per cent in turbine efficiency results in a 
gain of from 2 to 3 per cent in net output and efficiency. This 
indicates the importance of improving power-element perform- 
ance to the maxitnum practical level. 

Mechanical reliability and useful service life of a gas-turbine 
plant are governed to a large degree by the design of the power 
element. In this element occurs the particularly critical com- 
bination of high temperature and high dynamic stress. Relia- 
bility and long life are of primary importance for commercial 
turbines. These requirements are reflected by a tendency 
toward conservatism in temperature and stresses in such ma- 
chines when compared with aircraft-turbine practice. Since 


-_performance requirements for commercial applications do not 


permit any appreciable sacrifice in fuel economy, it is necessary 
to offset the effects of moderate cycle temperatures by increasing 


1 Bngineer in Charge, Engineering Design, Turbo-Power Devel- 
opment Department, Allis-Chalmers Manufacturing Company. 
Mem. ASME. 

Contributed by the Gas Turbine Power Division and presented 
at the Annual Meeting, New York, N. Y., November 28-December 
3, 1948, of Tue American Society oF MECHANICAL ENGINEERS. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual! expressions of their authors and not those 
of the Society. Paper No. 48—A-170. 
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power-element efficiencies at some expense in over-all weight and 
size. 

Basic Turbine-Design Principles. The most important factors 
which control the type of construction adopted for any specific 
gas turbine are as follows: 


(a) Desired efficiency level. 

(b) Expected useful service life. 

(c) Required maximum-load capability. 

(d) Desirable variable-load characteristics. 


The particular problems associated with commercial applica- 
tions: indicate that certain design principles have definite ad- 
vantages: 


1 The premium placed on performance almost invariably re- 
sults in the employment of a multistage construction. Turbine 
efficiency is thereby considerably improve | over the level which 
can be obtained with the lightweight single-stage turbines ordin- 
arily used in aircraft units. 

2 The large volumetric flows inherent in high-capacity de- 
signs necessitate correspondingly large annular flow areas. These 
are best provided by high ratios of active blade height to blade- 
ring mean diameter. Three-dimensional flow considerations 
therefore become of considerable importance, and the mechanical 
design of the blading and spindle becomes more difficult. 

3 High speeds are desirable to reduce physical size as much 
as possible. Procurement of large ingots is difficult with many 
of the better gas-turbine alloys. In addition, handling and fab- 
ricating problems in the shops increase rapidly with size of part. 


The foregoing principles lead to the conclusion that the most 
practical design for commercial application is one incorporating 
a plurality of stages, employing maximum blade-height ratios in 
the low-pressure elements, and rotating at a maximum speed. 
Fig. 1 shows a cross section through the blade path of such a 
turbine, this particular design being representative of units in- 
tended for commercial power applications. 


Biape-PatH DestIGN AND PERFORMANCE ANALYSIS 


Turbine Efficiency. The internal efficiency of a turbine relates 
the actual power produced by the turbine stages to the theoretical 
power available in an isentropic expansion from the total pres- 
sure and temperature at the turbine inlet to the stitie pressure 
at the turbine exhaust. It is a function of the following basic 


variables 


where 
= internal efficiency, per cent 
= average stage efficiency, per cent 
RF = reheat factor 
= leaving loss, per cent 


The stage efficiency takes into account the losses incurred 
in each element due to gas friction and leakage. It is primarily 
dependent upon the operating conditions and configuration of 
the staging, and it can be controlled within fairly wide limits by 


the designer. 


The reheat factor originates from the fact that as the gas 
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progresses through the blading, friction and leakage cause the 
actual temperatures to be slightly above those corresponding 
to an expansion without losses. This has an apparent effect 
of increasing the over-all efficiency slightly above the incre- 


05 


NOTE: AF, = 1 


WHERE W = NO.OF SEPARATE 
EXPANSONS 


REHEAT FACTOR, RF,,, 


I 2 3 4 5 6 ar) 
PRESSURE RATIO, 


| Fic. 2. Reweat Factors ror Gas-Tursine Expansions 


(Curves are based upon a mean-specific-heat ratio of 1.350.) 


mental stage efficiency. Fig. 2 shows a reheat-factor plot com- 


puted from the following formula (1 )? 


RFo = 2)° 
@) : (2) 
Pi 
RF. = reheat factor for infinite stages 
= turbine inlet pressure 
pe = turbine exhaust pressure 
k = mean-specific-heat ratio 


* Numbers in parentheses refer to the Bibliography at the end 


of the paper. 


Fic. 1 Cross Section Torouca CommerciaL Gas-TurBInE Power ELEMENT 
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Leaving’ loss is proportional 
to the residual kinetic energy 
contained in the gas leaving 
the turbine. Shaft power is 
generally the only useful out- 
put from a commercial gas tur- 
bine, and residual kinetic energy 
is unavailable for further use. 
The magnitude of the leaving 
joss is primarily dependent upon 
the relation between the total 
volumetric flow of gas and the 
annular flow area at the last 
row of blades. The large vol- 
umetric flow in high-capacity 
units necessitates the use of a 
considerable amount of exhaust 
annulus area if the leaving loss 
is to be held to an acceptable 
value. 

Stage Performance. Both 
theory and experience indicate 


thaf the following basic factors almost completely control the 
performance of an individual stage: 


I Primary factors: 


(a) Isentropic velocity ratio 


(b) Stage reaction 


(c) Leakage configuration 


2 Secondary factors: (a) Pressure ratio 


Parasitic losses 


(c) Viscosity effects 


Numerous tests have shown 


that isentropic velocity ratio is 


the most important criterion establishing general performance 
level of a stage, regardless of the actual physical configuration. 
This parameter measures the energy loading for the stage and is 


defined by the following relation 


where 


u = blade velocity at blade-ring mean diameter, fps 


co = gas velocity corresponding to stage isentropic enthalpy 


drop, fps 


AA, = stage equivalent blading energy, Btu per lb 


u? 
*Ah, = stage isentropic enthalpy drop, Btu per Ib 
g = 32.17 ft/sec? . 


J = 778.26 ft-lb/Btu 


For a given set of blading operating with a moderate pressure 
drop, changes in flow kinematics within the blading are ade- 
quately reflected by changes in the isentropic velocity ratio. 
Fig. 3 shows two examples of basic blading-efficiency curves as 
Curves such as these represent blading perform- 
ances only, and stage efliciencies ordinarily will be somewhat 
lower due to the effects of other factors. 

As a general rule, the number of stages to be employed in 
a specific turbine design is determined from the selection of a 


derived by test. 


* Reaction-turbine designers customarily use the isentropic drop 
per row, rather than per stage, in Equation [3]. 
of the stage drop is more general in application. 


However, the use 
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KINETIC ENERGY ENTERING STAGE 
STAGE ISENTROPIC ENTHALPY DROP 
ISENTROPIC ENTHALPY DROP ACROSS FIXED BLADE RING 
= EFFECTIVE KINETIC ENERGY LEAVING FIXED BLADE RING 
KINETIC ENERGY ENTERING MOVING BLADE RING 
(RELATIVE TO MOVING BLADE RING) 
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EFFECTIVE KINETIC ENERGY LEAVING MOVING BLADE 
RING (RELATIVE TO MOVING BLADE RING) 
KINETIC ENERGY LEAVING STAGE 


Fie. 4 Diacram or Stace Expansion 
desirable velocity ratio at the normal operating load. The curves 
in Fig. 3 show that high velocity ratios are required for good 
efficiency. However, the number of stages rises rapidly as the 
velocity ratio increases. A considerable amount of investigation 
of each design is necessary to obtain a satisfactory balance in this 
respect. 

The second major factor affecting stage performance is the 
stage reaction. This parameter is best explained by reference 
to Fig. 4 which shows the energy quantities in a stage on an 
enthalpy-entropy diagram. The expansion through a stage is 
accomplished in two distinct steps, namely, a partial expansion 


through the fixed blade ring, followed by an additional ex- 
pansion through the moving blades. The distribution of energy 
assigned to these two successive expansions is at the control of 
the designer and is established by means of the stage reaction. 
Stage reaction is defined as the ratio of the isentropic enthalpy 
drop across the moving blades to the isentropic enthalpy drop 
across the stage. 

Two opposing considerations influence the amount of reaction 
used in a specific turbine. Purely from the performance stand- 
point, it is preferred to use a stage reaction of approximately 
one half. This corresponds to the conditions in normal reaction 
blading, and maximum efficiency is obtained provided velocity 
ratio is high and leakage losses are low. If the turbine isen- 
tropic enthalpy drop is large, the number of stages may become 
excessive. When this occurs it is frequently desirable to de- 
crease the number of stages by decreasing the average velocity 
ratio of the high-pressure elements. The reaction in these ele- 
ments is also lowered, and they assume the form of a normal im- 
pulse-blading configuration. This is particularly desirable when 
high temperatures and stresses are involved, since a reduction in 
stage reaction lowers the effective impact temperature on the 
moving blades. 

Leakage control plays a dominant part in establishing stage 
efficiency level. Gas leakage through operating clearances be- 
tween rotating and stationary parts represents a loss of working 
fluid. It is therefore desirable that clearances be kept to the 
minimum value consistent with reliability, and that the leakage 
gas path be made as tortuous as possible. 

Both shrouded and open-ended blades are used. For blades 
operating at high tip velocities, shroud weight adds considera- 
bly to the centrifugal stress at the blade base. If the blade is 
long, the leakage and end-loss effects can be kept small and at 
the same time safe operating clearances at the blade tip can be 
maintained. Open-ended construction is preferred in such a de- 
sign (see Fig. 1). 
shrouding is installed. 

Spindle glands are normally designed with step-type labyrinth 
seals similar to those shown in Fig. 1. This same construction is 
used for interstage seals in disk-and-diaphragm blade paths. 
Accurate tests have been made and correlated by simple theory 


(2) to determine the leakage characteristics of various types of 


seals. The performance with air of a typical standard labyrinth 
design is summarized in Fig. 5. 

Pressure ratio is listed as a secondary factor influencing stage 
performance. For single-stage turbines, pressure ratio may be- 
come of major importance. Compression shock losses and 
poor control of fluid direction may seriously depreciate efficiency 
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when high pressure drops are employed across individual ele- 
ments. However, the pressure ratio across each stage of a 
multistage turbine is generally small, with a corresponding 
decrease in influence on the individual elements. The Mach 
number of the mean fluid stream relative to the blading seldom 
exceeds about 0.65. This magnitude causes little difficulty due 
to shock or choking as long as the flow is accelerated. 

Parasitic losses resulting from disk or spindle gas friction are 
not high in gas turbines of the type under consideration. How- 
ever, they are accounted for in performance estimation through 
empirical formulas derived from test analysis. 

The influence of viscous forces within turbine staging is meas- 
ured by the Reynolds number. Laboratory tests on small tur- 
bine elements are known to indicate a Reynolds-number effect, 
but the importance of this factor has not been apparent from tests 
on full-scale commercial turbines. The influence is sufficiently 
small in large units so as to be indeterminate in the presence 
of other more powerful facto:s. 

Basic Stage Analysis. Requirements for optimum perform- 
ance at high speed make it necessary in most cases to design the 
blading configuration for a new turbine to conform to a specific 
application. It is therefore essential that there be available de- 
tailed procedures for turbine-stage analysis. The designer is 
thereby able to predict the approximate actual conditions exist- 
ing within each element and can proportion the blades accurately 
with respect to shape and setting. 

Blading analyses by means of filament-flow theory and vector 
diagrams are as old as the steam-turbine art, but these conceptions 
still represent the most powerful tools available to the practical 
gas-turbine designer. Two basic requirements must be met in 
applying vector diagrams to blading performance and flow 
analysis: 


1 The velocity magnitudes must represent integrated mean 
values rather than highly peaked or depressed local values. 
2 The velocity directions must represent mean fluid direc- 


tions, and not necessarily blade-profile geometric angles. 


Cascade tests have contributed to a certain extent to the 
alignment of current design information, but the main source of 
data has always been analyses of over-all turbine tests. Actual 
working procedures are admittedly oversimplified from the view- 
point of the highly developed mathematics of modern aerody- 
namics. It cannot be assumed that the actual flow conditions 
within a stage are in exact agreement with predictions from simpli- 
fied vector-diagram analyses. However, reasonable correspond- 
ence between prediction and performance has been thoroughly 
demonstrated, provided suitable control is exerted by continual 
comparison with test results. 

The basic variables in blade-ring calculations are shown in 
Fig. 6. The data apply to either fixed or moving blades, pro- 
vided the velocity magnitudes and directions are taken relative 
to the blade ring under consideration. The most important 
quantity required in blade-ring analysis is the effective kinetic 
energy at the ring outlet. This energy is computed from the fol- 
lowing relation 


where 
= expansion-energy coefficient 
C; = incidence coefficient 
= ‘kinetic-energy coefficient 


See Fig. 6 for other symbols, 


The primary loss resulting from turbulence and wall friction 
within the blade passage is reflected by the expansion-energy 
coefficient. This coefficient is determined from the profile 
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BLADE RING DATA: GAS FLOW DATA: - 


b = AXIAL WIOTH, IN. G@,= GAS INLET ANGLE , DEG a 
= BLADE INLET ANGLE, DEG. i INCIDENCE ANGLE,OEG. 
© = THROAT OPENING , IN 


P = CIRCUMFERENTIAL PITCH,IN. ,= INLET VELOCITY, FPS 
Q/P:OPENING COEFFICIENT ~,* EFFECTIVE OUTLET VELOCITY, FPS 
@2* ANGLE OF EFFLUX , DEG Sh,eKINETIC ENERGY AT INLET, BTU/LB. 
SIN“(OVP) (SEE FIG. 12) Ah, ASENTROPIC ENTHALPY OROP,BTU/LB 
© = DESIGN DEFLECTION ANGLE DEG. Oh, EFFECTIVE KINETIC ENERGY AT 
= OUTLET, BTU/LB. 
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width and deflection angle, as shown in Fig. 7. Tests indicate 
that the effective energy obtained from a given amount of inlet 
kinetic energy is less than that which is realized when the same 
quantity of available energy is supplied by pressure drop. In 
Equation [4] the inlet kinetic energy is reduced by a kinetic- 
energy coefficient. This coefficient is normally assumed to be 
equal to the expansion-energy coefficient. The rule is rough, 
but it is justified by an elementary theory of blade friction loss. 
(3). When the inlet velocity vector forms a definite incidence 
angle with reference to.the blade leading edge, an additional loss 
occurs which is evaluated by means of.the incidence coefficient. 
This coefficient is a function of the blade-nose design and the angle 
of incidence as shown in Fig. 8. 

The angle of efflux from the ring is assumed to be approximately 
equal to arcsine (O/P), where O is the blade throat opening and 
P is the blade circumferential pitch. The accuracy of this simple 
rule is adequate for small efflux haan It is discussed in more 
detail in a later section. 

Establishment of the average velocity magnitudes and direc- 
tions within a stage permit the determination of tangential 
velocity components. Estimated blading output per pound of 
gas flow may then be found by entering these data into the basic 
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where 


Ah’, = blading output, Btu per lb > 

u: = blade velocity adjacent to the fixed-ring outlet mean 
diameter, fps 

uz; = blade velocity at the outlet mean diameter of the 
moving ring, fps 

Cu = tangential component of effective velocity leaving 
fixed ring, fps 

Cz = tangential component of velocity leaving stage, fps 


The gas flow is found from the continuity equation using the 
effective velocity, area, and gas density at the blade-ring throat. 
Net stage output may then be calculated by subtracting clear- 
ance and parasitjc losses from the gross blading output. 

Three-Dimensional Considerations. Radial variations in cir- 
cumferential pitch between blades increase as the blading is 
lengthened. If the blades are installed with normal pitch at the 
blade-ring mean diameter, the pitch at the tip may become ex- 
cessive and result in poor control of fluid direction. At the inner 
radii, the pitches may become so small as to restrict the gas 
considerably. Furthermore, unless the flow is controlled prop- 
erly, the tangential velocity components along the outlet plane 
of the fixed blade ring tend to throw the fluid outward. This 
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A on 
centrifugai action results in a massing of the flow toward the tips 
and a starving of the blade passages at the roots. 

The three-dimensional flow problem has been attacked quite 
thoroughly using approaches based on aerodynamic theory. 
For practical purposes, however, a simple and adequate solution 
is obtainable from rather elementary conceptions. The basic 
elements of the problem are presented in Fig. 9. The upper 
diagram shows the velocity components of a fluid stream leaving 
a fixed ring of blades at a given radius. In the lower diagram the 
same velocities are projected onto the outlet plane of the blades. 
Consideration of the forces acting on an incremental mass of gas 
indicates that the static pressure at the fixed-ring outlet must 
gradually increase with radius in accordance with the following 
equation 


POWER ELEMENTS 


where 
= static pressure at fixed-ring outlet, psfa 
= radius, ft 
= mass density of gas, lb-sec?/ft* 


¢, = tangential component of velocity leaving fixed ring, fps 


Three controlling premises are made in the practical design 
of blading where special provision is to be incorporated for main- 
tenance of radial equilibrium: 


1 The basic equation for radial stability of flow, as given 
in Equation [6], is to be satisfied over the entire outlet plane of the 
fixed blade ring. 

2 The mass flow through the stage is to be distributed evenly 
over the entire stage annulus. 

3 The isentropic enthalpy drop across the stage is to be con- 
stant at all radii in the stage annulus. 


Stages designed in accordance with these conceptions exhibit 
the following characteristics: 


1 The fixed blades have almost symmetric profiles at all radii. 

2 The moving-blade profiles vary with radius. At the inner 
radius, the profile shape approaches that of a normal impulse — 
blade. An approximately normal reaction-blade profile is used 
at the mean radius. At the tip, the profile assumes the form of 
a low-cambered airfoil of medium thickness. 


Analyses of tests on both steam and gas turbines incorporating 
such blading have indicated that appreciable improvements in 
efficiency are attained in comparison with more conventional de- 
signs. In addition, improved accuracy has been cbtained with 
respect to prediction of mass-flow characteristics. 

Turbine Performance. The performance of a complete turbine 
depends primarily upon the characteristics of the individual 
stages composing the turbine. However, it is essential that the 
design be established and controlled from the standpoint of the 
complete unit, rather than as an assembly of completely inde- 
pendent elements. Poor design of any one stage affects elements 
both upstream and downstream from that point. The residual 
kinetic energy from each stage except the last is available to the 
succeeding stage. With adequate care in design, this energy is 
recoverable to a large extent. 

Other factors than stage design may have appreciable effects 
on performance. Pressure drops in the inlet and exhaust pas- 
sages are particularly important. Low velocities, gentle changes 
in flow direction, and freedom from obstructions are essential if 
harmful reductions in both performance and load capability are 
to be prevented (4). Radiation losses may reach significant 
values in high-temperature units, particularly at light load. 
Adequate insulation is mandatory, not only for the turbine proper 
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but also for all interconnecting piping handling hot gas. Me- 
chanical losses, as imposed by bearings, reduction gears, and 
lubrication and governor oil pumps, are generally small for eom- 
mercial gas turbines. 

Over-all turbine performance is determined analytically by 
combining the results of stage calculations and then correcting 
for the external effects just discussed. Dimensional analysis 
assists in correlating the influences of the various factors. ° For 
practical purposes the performance of a given turbine can be 
represented adequately in terms of the following simplified 
parameters - 


\ Pe / Tn 


where 


W = gas flow, lb per hr 


Fig. 10 is a general performance map in terms of these param- 
eters for a turbine rated at 12,000 gross bhp. The calculation of 
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such a chart represents the final step in the thermodynamic 
analysis of each turbine design. The accuracy of the over-all 
design procedure is measured by the degree, of correlation on such 
a chart between computed and test performance. 


TuRBINEe-BLADE DesiGcNn 


Standard Blade Profiles. Fach steam-turbine manufacturer 
has conducted over a period of years extensive shop and field 
tests on the blading configurations used in his particular turbine 
designs. These programs have resulted in a standardization 
within each company of not only blade profiles but also blade 
pitches and settings for the best compromise between efficiency 
and cost (5). 

A number of commercial gas turbines have been built utilizing 
standard blade profiles of various types. These machines have 
given excellent performance within their normal ranges of ap- 
plication. The general trend, however, has-been toward higher 
rotative speeds*with the accompanying advantages of reduced 
size and weight. Ratios of blade length to mean diameter are of 
necessity increased in such machines, and considerations of both 
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* pitch of the blades. 


7 = total temperature at inlet, deg F abs : 
pa = total pressure at inlet, psia 
Pe = Static pressure at exhaust, psia - 
n; = internal efficiency, per cent 
n = turbine speed, rpm 
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three-dimensional flow effects and blade stresses have led to the 
general adoption of blades with warped surfaces and high degrees 
of taper. Standard profiles are, therefore, not ordinarily appli- 
cable, and each new turbine design requires special profile de- 
velopment to some degree. 

Basic Profile-Design Principles. The significant dimensions 
and angles used to control profile design are illustrated in Fig. ° 
11. The most important parameter is the opening coefficient, 
which is defined as the ratio of the minimum passage width or 
throat opening between adjacent blades to the circumferential 
Control of both fluid efflux angle and mass 
flow is exerted primarily by means of the opening coefficient. 
As long ago as 1924, test data published by the Steam Nozzles 
Research Committee in England (6) showed that, for the par- 
ticular nozzles and blades tested, the fluid angle was given quite 
closely by arcsine (O/P). Subsequent tests, both published and 
unpublished, have verified this approximate relationship within 
a reasonable range. General experience indicates that the * 
curve in Fig. 12 provides a relatively accurate guide. The curve 
shows an increasing deviation of the fluid angle from aresine 
(O/P) as the opening coefficient is increased. 
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Blading performance is affected to a large extent by the aero- 
dynamic loading: on the profiles. The resultant force acting 
on a profile corresponds to the integrated pressure differences . 
between the convex and concave surfaces. In closely pitched 
blades, these pressure differences and their accompanying turbu- 
lence losses are reduced.. However, losses due to surface friction 
are increased. Wide pitching decreases surface-friction loss, but 
aerodynamic loading is increased. This may induce stalling 
with an accompanying rapid drop in performance. 

Aerodynamic loading is a function of the cascade solidity or 
chord/pitch ratio. The permissible ranges of blading solidity for . 
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standard profiles have been fairly accurately established by test. 
Complete correlation of test results has not been attained for all 
types of profiles over the range from sharp-edged high-deflection 
impulse blades to low-camber small-deflection airfoils. However, 
sufficient data to permit interpolation between known optimum 
settings have been assembled and interpreted in terms of an aero- 
dynamic loading coefficient (7). 

For the practical design of a blade, vector diagrams at con- 
trol points along the blade height are established from the data 
in the previous sections. The requirements for fixed blade rings 
are generally such that normal reaction profiles can be used. 
The contours, pitches, and settings at all radii are established 
from experience with such configurations. The vector diagrams 
for long moving blades require that the profiles be varied along 
the radius. The fluid deflection angle at the blade base is gen- 
erally large, and highly cambered, closely pitched profiles must be 
used. Depending upon the stress conditions and the root de- 
sign, a ratio of circumferential pitch to axial width of from 0.45 
to 0.60 is ordinarily selected. The profile at the tip is normally 
The aero- 
dynami¢ loading coefficient is brought into use here, the solidity 
being established such that the loading coefficient does not exceed 
a permissible maximum value. 

Blade Layout. Required blade pitches, throat openings, and 
axial widths or chords are established by application of the prin- 
ciples described in the previous paragraphs. Profiles are then 
laid out with the following considerations for guidance: 


designed as a low-camber airfoil of medium thickness. 


1 The stress in a blade due to centrifugal force is proportional 
to the blade volume above the point of stress. Profile thick- 
nesses and cross-sectional areas must therefore be closely con- 
trolled within limits prescribed by preliminary stress analysis. 

2 Geometric inlet and outlet angles are set at approximately 
the desired fluid angles. Exact correspondence is not necessary 
and is seldom obtained. The selection of inlet angle 
the partial-load performance requirements for the stage and tur- 


varies with 


bine. - 

3 Profile nose design depends upon stress conditions and 
fluid Moderately small radii ordinarily 
prescribed. Trailing-edge thicknesses are consistent with the 
particular manufacturing process to be used and vary from ap- 
proximately 1 per cent of the chord to not over 8 per cent of the 
throat opening. 

It is considered essential that the passage area between adja- 
cent blades converge at all points in the direction of flow. The 


velocities. nose are 


walls of the passage as formed by the blade surfaces are kept- 
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free of sharp changes in radius of curvature. The actual con- 
tours of the profiles are described by combinations of either circu- 
lar ares or parabolic arcs, depending upon the desired degree and 
rate of change of curvature. Fig. 13 shows a set of profiles de- 
signed in accordance with these principles. 

For ease in manufacture, it is usually desirable that the blade 
surfaces between the base and tip profiles be in the form of 
warped conical surfaces generated by a series of straight lines. 
Such a design greatly simplifies the diemaking problem for forged 
and cast blades. It is essential when the blades are to be pro- 
duced by standard machining processes. 

The moving blading of a stage designed in accordance with 
these general procedures is shown in Fig. 14. The stage efficiency 
determined by test for the element incorporating this particular 
wheel is approximately 88 per cent at the design conditions. 
This indicates the general performance level obtainable from such 
blading. 
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MATERIALS AND DESIGN STRESSES 


High-Temperature Materials. There are many considerations 
which influence the selection of materials for gas-turbine con- 
struction. Of necessity, a limited number of criteria must be 
established to permit direct comparisons of available alloys, and 
certain properties must be adopted for quantitative use in design 
calculations. 

Allowabie working stresses in high-temperature portions of the 
blade path are based on rupture strength. Adequate 1000-hr 
stress-rupture data are available for nearly all materials con- 
sidered applicable to commercial gas-turbine use (8). 
quently, little extrapolation of data is necessary for relatively 
short-service-life designs. Some uncertainty is generally involved 
for long-life turbines, but extrapolation is a relatively safe pro- 
cedure as long as it is limited to approximately one logarithmic 
time cycle, and ductility can be predicted to remain sufficiently 
high. Materials which show a tendency toward brittle failure 
in long-time rupture tests are avoided. 

* For parts operating at moderate temperatures, the use of yield 
strength as a design stress criterion has been adopted from steam- 
turbine practice. Adequate yield strength is essential to pre- 


Conse- 


Judgment 


must be exercised, however, since for most alloys yield strength 
and ductility vary somewhat inversely. 
considered acceptable in certain cases, but it is believed that ade- 
quate test-bar elongation must be maintained in materials for 
large thick parts, particularly since uncertainty exists with many 


Low ductility has been 


alloys regarding changes in ductility over extended periods of 
_ time at high temperature. 
At the present time, creep-rate and total-deformation data 
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are seldom used for establishing actual working stresses for ro- 
tating parts. Stresses which are considered to be permissible 
from the standpoints of rupture strength and yield strength 
generally correspond to low values of total deformation. Such 
deformations are slow and steady in nature and are subject to 
determination by periodic inspection after a machine has been 
placed in operation. 

Fatigue strength at operating temperature is of considerable 
importance in selecting blade materials, Accurate fatigue data 
are not available for many high-temperature alloys, and some 
materials exhibit no well-defined endurance limit, particularly 
where conditions conducive to stress corrosion are also present. 
Compensation for inadequate fatigue data is obtained by keeping 
bending stresses low and controlling blade vibrational character- 
istics. 

Selection of Design Stresses. 
concerning the effects of temperature on metals and the actual 
temperatures and stresses encountered by parts within a turbine, 
do not in most cases justify overly complex methods of stress 
analysis. Discrepancies involved in using simple analyses ade- 
quately controlled by experience are less than the errors inher- 
ently present due to variations in properties of materials and to 


unpredictable stresses. These considerations make essential, 


the use of moderate design stresses. 
The important principles governing the choice of permissible 
working stresses are: 


1 The machine must be protected against failure due to either 
fracture or excessive local deformations, -under any anticipated 
load conditions. 

2 Protection must be provided against unavoidable varia- 
tions in properties of the matérials as installed. Unwarranted 
rejections of materials for large machines lead to costly delays 
in manufacture and shipment. 

3 Some margin is essential due to inaccuracies in stress analy- 
sis. These inaccuracies result primarily from a-lack of cém- 
plete knowledge of the true stresses existing in many parts. They 
also arise to some extent from the use of certain simplified stress- 
analysis procedures which are tolerated only for the purpose of 
shortening engineering time. 


Of thé many types of stresses which are encountered in gas- 
turbine design, average stresses in tension, compression, shear, 
and bending are most easily determined. Therefore they are 
used as the guiding criteria. Local high stresses due to stress 
raisers of various types are taken into account where necessary 
by stress-concentration factors. In many cases, such stresses are 
safely relieved by local yielding without failure, as a result of the 
plasticity of the- material at operating temperature. Variable 
stresses are generally estimated from computed average bend- 
ing stresses. 

The selection of working stress is based on the operating tem- 
perature of the part and the specified service life for the turbine. 
For a given operating temperature, service-life considerations 
lead to a wide variation in permissible working stress. As a 
general rule, turbines are classified as short-life units if their ex- 
pected-life cycle at maximum temperature is less than 10,000 
hr, and as long-life units if the corresponding time is 10,000 hr or 
more. ‘ 

The type of materials-data curve shown in Fig. 15 is used 
for general gas-turbine design calculations. The practical value 
of this type of presentation lies in the fact that all parts of a given 
turbine are normally designed for the same life, but large differ- 
ences in operating temperature exist between the high and low- 
pressure ends of the unit. The appropriate working stress for 
a particular part is determined by applying the selected factors 
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of safety to the material properties at the proper temperature 
ordinate. 
Srress ANALYSIS 

Blade Stresses. Blading stress analysis is concerned with a 
determination of the stresses set up by the centrifugal and bending 
forces generated by rotation and fluid pressure differences. 
The highest stresses encountered are almost invariably those re- 
sulting from centrifugal forces in the rotating parts. The tensile 
stress imposed on the base profile of a blade by centrifugal force 
can be calculated from the following formula 


= 


n 
= 4.527f, A | — 


average tensile stress, psi 

specific weight of blading material, lb per cu in. 
taper factor 

annular area of blade ring, sq in. 

rotative speed, rpm 


The taper factor is unity for constant-cross-section blades and, 
assuming constant density of blading material, the stress be- 
comes a function of only annular area and speed. Tapered 
blades are used where the installation of constant-section blades 
would result in excessive stresses. The amount of taper per- 
mitted in any particular blade is dependent upon the degree to 


- which both flexural strength and efficient blade shape can be 


maintained. Fig. 16 shows the stress reduction which can 
be accomplished with various degrees and types of taper. 

Basic bending stresses are generated by changes in gas velocity 
through the blades and by static pressure differences across the . 
blades. Axial and tangential forces per unit length of blade 
are determined from the estimated flow conditions in the stage. 
Integration of these forces yields total component loads from 
which are determined the moments acting on any given profile of 
the blade. 

The maximum stress in a blade is generally at the concave 
side of the leading edge of the base profile, since the stresses due 
to centrifugal force and gas bending force are additive in tension 
at this point. The total tensile stress resulting from centrifugal 
force and average bending force therefore constitutes the maxi- 
mum steady stress in the blade. Variable stresses are expressed 
as percentages of the average bending stresses, and the effects of 
stress concentration are taken into account. As shown in Fig. 
17, the maximum stresses in moving blades are 
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“maximum steady stress, psi 
maximum variable stress, psi 
centrifugal stress, psi 
average bending stress, psi 

R, = 


stress concentration factor 


ripple factor 


Fillet radii and thickness ratios are such that the stress-con- 
centration factor seldom exceeds 1.5. The ripple factor is a 
function of the blade pitches, flow conditions, and blade fre- 
quency, and it may reach values as high as 0.5 under adverse cir- 
cumstances. It is somewhat lower with blade frequencies re- 
mote from those of possible exciting forces. 

Stresses as determined by the foregoing formulas are com- 
pared analytically with an assumed failure line on either an en- 
durance limit-yield strength diagram (9) or an endurance limit- 
rupture strength diagram, as shown in Fig. 18. A minimum 
factor of safety of 2 is maintained for both comparisons. The 
actual stresses for use on the rupture-strength diagram are calcu- 
lated at normal speed, and those for use on the yield-strength 
diagram are calculated at 120 per cent speed. 
represents the maximum value for which commercial gas turbines 
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are normally designed to withstand harmful permanent deforma- 
tions. 

Blade-Frequency Analysis. Accurate control of blade fre- 
quency is essential to insure that vibratory stresses do not exceed 
the limits assumed in stress analysis. Normally, a new blade 
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design is analyzed and suitably modified so that the frequency 
corresponding to the first mode of transverse vibration lies above 
the fourth multiple of the maximum rotational speed. This rule 
has been found to be safe for gas turbines operating from combus- 
tion chambers attached by relatively long ducting. If necessary, 
a safe condition is assured by tuning the actual blading after in- 
stallation. 

The frequency of the fundamental mode of vibration of blades 
in a given ring is expressed by the following formula 


ees 


standing frequency, cps 
frequency correction factor 
radius of gyration of base profile, in. 
blade length, in. 

modulus of elasticity, psi. 

specific weight of material, lb per cu in. 


_ For a value of unity for the frequency correction factor, the 


formula is identical to that for the frequency of a uniform canti- 

lever beam of equivalent properties. The tie between theory 

and actual conditions is by means of the frequency correction 

factor. This factor takes into account blade-taper effects and 

in addition is<lependent upon the actual geometric configuration, 

the type of blade fixing, and the presence or absence of shrouding 

and lacing wire. 

Moving blades are stiffened to some extent by centrifugal force, 

The running frequency is calculated from (10) “a 


running frequency at n, cps 
rotation coefficient 
rotational speed, rpm 


The rotation coefficient is dependent upon the degree of blade- 
root fixing, the geometric shape, and the blade-height ratio. 
The effect of rotation is generally small, and it can be predicted 
with practical accuracy for normal constructions from the data 
in Fig. 19. 

_Blade vibrational characteristics are best depicted on a fre- 
quency diagram similar to that shown in Fig. 20. Safe oper 
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ating speeds for the turbine may be estimated from such a chart, 
with allowance for the effects of possible variations in blade fre- 
quency. P 

Disk Design. Fig. 21 shows the local elastic-stress distribution 
in a disk of uniform thickness, when carrying a prescribed rim 
load at a given rotational speed. The theory and formulation 
used to determine these stresses are of long standing (11). The 
stresses are essentially biaxial, consisting of both radial stresses 
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and tangential stresses. The tangential stress at the inner radius 
of the center-bored disk is considerably above that at the center of 
the solid disk, which would apparently indicate a much lower 
safe speed for the former type. 

Experimental evidence from a number of sources tends to re- 
fute this conclusion (12). The high stress at the inner radius 
of the center-bored disk is, in effect, a localized stress concentra- 
tion, which is relieved to a large extent by plastic flow as soon 
as the elastic limit of the material is exceeded. There is little 
reduction in load-carrying ability of the disk as a whole. 

In practical design, elastic stresses are calculated in detail for 
blade-carrying elements mainly for the purpose of insuring maxi- 
mum utilization of the weight of material put into the elements. 
For comparative purposes, however, the primary criterion is the 
average tangential stress across the disk radial cross section. 
This approach assumes, in effect, that the total centrifugal load 
due to the blades, rim, and disk proper is carried uniformly across 
the cross-sectional area of the disk. The formula for the average 
stress is expressed as follows 
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28.42 )( 7 + [13] 


where 
84 = average tangential stress, psi ’ 
y = specific weight of disk material, lb per cu in. 
I = moment of inertia of disk half section about axis of rota- 
tion,in.¢ 
A = area of disk half section, sq in. 
= rotational speed, rpm 
P = total centrifugal foree due to rim load at speed n, lb 


Overspeed tests analyzed in accordance with the conception 
of uniform stress distribution show much closer agreement be- 
tween average tangential stress and test-bar tensile strength, 
than when the analysis is based on comparing local elastic stresses 
and test-bar strength. ‘This is true for both solid and center- 
bored disks. 

Normally, disk stresses as caleulated by means of Equation 
[13] are limited to one half the rupture strength of the mate- 
rial for the spécified service life and temperature for the part, 
when operating at rated speed. Rupture strength becomes of 
minor importance at moderate temperatures. In such cases, 
the average tangential stress is limited to one half the yield 
strength of the material at the specified service temperature, 
when rotating at 120 per cent of rated speed. 

Disk stresses may be reduced considerably if the disk outline 
is profiled. Calculation of local elastic stresses is helpful in 
attaining the optimum degree of profiling, and disks are designed 
with a constant-stress form where possible. In general, thin 
rims and thick hubs are desirable from the standpoint of over-all 
stress reduction. 


The effects of temperaturé variation may be of importance in 
the stressing of disks. These effects are se¢ondary for industrial 
or utility turbines operating under almost constant load condi- 
tions with few start-ups and shutdowns. The temperature 
gradients during service are small and consistent, and the time 
intervals for placing the units in or out of service may be made 
sufficiently long to insure against any deleterious effects. 

Stresses generated by thermal gradients may reach serious 
levels in units subjected to rapid load changes or where quick 
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starting is required. Since these stresses are transient in nature, 
they induce results similar to fatigue. This phenomenon, which 
‘is known as thermal shock, may rapidly lead to failure if not 
properly taken into account in the design. Without going into 
particulars, such conditions are best combated by preventing 
. undesirable temperature gradients as much as possible. In this 
respect, experience up to the present time with artificial cooling 
of parts subjected to hot gas has been somewhat disappointing. 
Induced temperaiure gradients in some cases have led to deforma- 
tions and failures which would not normally have occurred had 
the parts been permitted to assume more normal temperature 
distributions. 


CONCLUSION 


There are many problems in gas-turbine design which cannot 
be discussed adequately in a presentation such as this. An at- 
tempt has been made, however, to show the approaches to some of 
the more basic problems peculiar to the design of commercial 
gas-turbine equipment. These approaches are simple and system- 
atic in all cases and they aré based primarily upon fundamental 
theory, modified by experiment and experience. 

The gas turbine is in a state of development. This develop- 
ment must be based upon a background of basic data which can 
be accumulated only through experience. Since the commercial 
gas turbine is in direct competition with other well-established 
types of prime movers, the requirements for efficiency, dependa- 
bility, and low first cost must all be given special consideration. 
The fulfillment of these requirements is greatly assisted by the 
organization of fundamental principles and experience into basic 
design practices similar to those which have been outlined in this 
paper. 
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Discussion 


D. L. Morveutu.* The writer is disappointed to see that no 
mention is made of the possibility of using diffusion after the tur- 
bine. Rather than regarding the residual kinetic energy as a dead 
loss, by suitable design some of it may be recovered and used. 
The effect of any such recovery is simply to increase the effective 
expansion ratio over the turbine by maintaining subatmospheric 
pressure at the turbine exhaust annulus. At an exhaust velocity 
corresponding to Mach number 0.6, the kinetic energy represents 
70 deg F or 14 per cent of the total turbine power in a typical 
simple case. Recovery of one half of this would increase the net 
or useful output by some 20 per cent. In point of fact, an ex- 
haust Mach number of 0.4 is more probable, and if so, the net gain 
to be achieved by recovery of one half of the kinetic energy is 10 
percent. In the design shown in Fig. 1 of the paper, space limi- 
tations may be severe, but recent aerodynamic developments 
have indicated how diffusion can be allowed on a bend, if the 
boundary layer is suitably controlled. 

D.G. Traver.* A few specific questions have come to mind on 
which we should like the author to comment. In Fig. 3 of the 
paper, the impulse-blading efficiency peaks within a point to two 
of the reaction blading. What are the conditions of this compari- 
son? Our information indicates a somewhat larger difference. 
However, there are details which influence this consideration. 
Thus our comparison would be at the same Reynolds number and 
aspect ratio (ratio of blade length to axial width), and our Mach 
number would be sufficiently below 1 not to influence this com- 
parison. In general, the author’s curve substantiates ours in 
that we believe an impulse stage can be made which performs 
almost as well as a reaction stage. Frequently the mechanical 
advantages of the impylse stage counterbalance this small sacri- 
fice in efficiency. 


The popular classifseation of turbines into pure impulse and 


_ pure reaction types has almost lost its meaning to the gas-turbine 


designer, for he often deals with large-diameter-ratio blading in 
which three-dimensional effects are large, and in which there may 
be a radial variation in degree of reaction. Gas-turbine designers 
often depart from impulse or reaction conditions at the mean di- 
ameter even for small diameter ratios, for they may find a partial 
reaction stage better suited to their design requirements. There 
is no real justification for designing to the arbitrary limits of re- 
action or impulse stages, and it must be assumed that some sort 
of continuous efficiency envelope between these two types exists. 
Would the author indicate what form this envelope might take, 
and what he considers a “typical” impulse stage? 

Referring to Fig. 7 of the paper, we use aspect ratio as a design 
parameter, and we would be interested in knowing the aspect 
ratios of these two curves. Our data for aspect ratio of 3 and 
Reynolds number = 100,000 (based on the throat hydraulic 
diameter characteristic length) are the average of the 
author’s curves over the entire range. Does Fig. 7 apply 
equally to impulse and reaction blading? 

In Fig. 12 our findings are identical to the author’s in the 
range of opening coefficients which we normally use in turbine de- 


as 


sign. 


* Associate Professor of Mechanical Engineering, McGill Univer- 
sity, Montreal, Can. 

‘Research Engineer, Analytical Section, Elliott Company, Jean- 
nette, Pa. 
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In regard to the on s discussion of aerodynamic loading 
and optimum pitch as developed by Zweifel, we use a variable 
optimum load coefficient that varies linearly with the reciprocal 
of aspect ratio, because the theory is developed for two-dimen- 
sional (infinite aspect ratio) flow conditions only. Our test data 
verify this variable load coefficient for normal reaction blading. 
However, our data do not agree, even in the two-dimensional case, 
with the optimum spacing indicated for impulse blades, but indi- 
cate a larger optimum pitch than calculated by Zweifel. This can 
be rationalized by assuming a more realistic ideal pressure distri- 
bution for impulse blades than the recta .gular one assumed by 
Zweifel. 


Mr. Mordell points out the possibility of using diffusion to 
recover a portion of the residual kinetic energy from turbine- 
exhaust blading. The practicability of reducing leaving loss by 
this method is dependent upon the amount of kinetic energy 
available for recovery and upon space requirements for efficient 
diffusion. - In multistage turbines of the general type shown in 
Fig. 1, the axial velocity of the gas leaving the last row of blades 
seldom exceeds 400 fps at rated load. Recovery of 50 per cent 
of the energy corresponding to this velocity would improve power- 
element efficiency about one per cent. However, power-element 
length would have to be increased over 25 per cent to provide an 
efficient diffusing turn for the exhaust gas. An increase in 
length of this magnitude is not practical for many installations, 
particularly for locomotive and marine service, in view of the 
smal] resultant gain in over-all efficiency. 

With reference to Mr. Traver’s questions concerning Fig. 3, 
the title is misleading in that the word ‘‘typical’’ applies to the 
curves rather than to the blading. Instead of identifying the 
stages as “‘reaction” and “impulse,” it would be more proper to 
refer to them as “symmetrical’’ and “unsymmetrical.” In both 
cases Reynolds number and aspect ratio are sufficiently high 
that their influences are small. The impulse or unsymmetrical 
staging has warped moving blades with a stage reaction at design 
conditions of zero at the root diameter and about 25 per cent at 
the mean diameter. The blading efficiency is somewhat better 
than that of a more conventional stage. The reaction or sym- 
metrical blading is designed for 50 per cent reaction at all radii, 

We have insufficient experimental evidence to plot, as sug- 
gested by Mr. Traver, a continuous efficiency envelope.for blading 
varying in stage reaction from zero to 0.50. The shape of such a 
curve can be deduced to a certain extent from the following ex- 
perimental results: 


1 The efficiency of normal reaction blading is not affected by 
small unbalances in stage reaction above or below 0.50. The 
slope af the efficiency envelope curve must therefore be essentially 
zero at a stage reaction of 0.50. 

2 The efficiency of a nominal impulse stage is generally im- 
proved & by aa introduc ‘tion of a small amount of Teac tion, pro- 
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vided renconable control over blade clearances is maintained to 
prevent gas leakage. The slope of the efficiency envelope curve 
must therefore be slightly positive for a stage reaction of zero. 


We can probably assume from the foregoing that the efficiency 
envelope curve is roughly parabolic in form with a peak at a stage 
reaction of 0.50. However, the éurve would be of academié inter- 
est only, as the internal configuration of any specific stage as re- 
gards blade height, diameter ratio, profile form, and- operating 
clearance always exerts a major influence on its general = 
level. 

Concerning Mr. Traver’s questions on Fig. 7, which shows ex- 
pansion energy coefficient curves used in performance analysis, 
these data are assumed to apply to two-dimensional flow when 
the Reynolds number based upon throat-opening hydraulic 
diameter is 100,000 and higher. A value of 100,000 represents 
the lower limit of normal design practice, and over-all turbine tests 
seem to indicate only minor changes in efficiency as operating 
conditions are varied a moderate amount from this level. 

Since the data in Fig. 7 apply only to two-dimensional flow, a 
gross stage power output calculated using these coefficients must 
be corrected for three-dimensional effects. The correction is 
made in terms of an end loss which includes clearance leakage, 
interference effects, and other secondary flow losses. The magni- 


“tude of the end loss is estimated from the blade height, blade pro- 


file, operating clearance, and clearance configuration. An aspect 
ratio such as defined by Mr. Traver (ratio of blade length to 
axial width) is not used as a design parameter. 

The energy coefficients shown’ in Fig. 7 were de termined by 


analyses of over-all turbine tests, and the curves may be con- 


sidered to represent statistical averages. Individual tests show 
moderate variations above and below the curve values. The 
fact that wide blades generally show improved éfficiency (pro- 
vided the biades are of reasonable length) is believed to be due to 
two influences: 


1 In practice it is seldom possible to maintain exact geo- 
metric similarity between wide and narrow blades. Trailing 


edge-wake loss generally increases‘as blading is narrowed, with a 


consequent slow decrease in over-al] blade-energy coefficient. 

2 Reynolds number effects have not been isolated satisfac- 
torily in over-all turbine tests, but undoubtedly they are respon- 
sible for some reduced efficiency in narrow blades at moderate 
Reynolds number levels. 


The data in Fig. 7 apply in general to both impulse and reaction 
blades. The expansion-énergy coefficient of reaction blades or 
nozzles with very smal] outlet angles may fall slightly below the 
level Of the curves, The kinetic-energy coefficient of impulse 
blades with very low deflection angles is generally somewhat 
higher than the expansion-energy coefficient as determined from 
Fig. 7. However, these types of elements are not normally em- 
ployed in gas-turbine blade paths, so that the general accuracy 
of Fig. 7 is not affected for practical application. 
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Bending of Ide 


The stresses and strains in plastically bent parts have 
been analyzed for the two limiting conditions of (a) a very 
wide plate (plane strain), and (6) a very narrow bar (plane 
stress). The complete solution is presented for a hypo- 
thetical metal with no strain-hardening, and the method 
is described for treating any actual metal. The solution 
was obtained by a method of successive approximations, 
.each approximation employing various graphical proc- 
esses. The gradual change in cross-sectional contour 
with progressive bending was obtained by considering 
small successive intervals of increasing curvature. The 
final solution -shows the movement of the neutral axis 
toward the compression surface, the decrease in the radial 
dimension of the part, and the gradual divergence be- 
tween the tangential strains at the inside and outside sur- 
faces. The solutions for plane stress and plane strain were 
nearly identical as regards the tangential strains and the 
changes in the radial dimension. Experimental measure- 
ments of surface strains and cross-sectional contour of 
bends conformed well with the results of the calculations. 


NOMENCLATURE 
The following nomenclature is used in,the paper: 


= angle subtended by a portion of the bend 

= radius to concave surface of bent part 

as a subscript refers to concave sutface of bent part 

= radius to convex surface of bent part 

as a subscript refers to convex surface of bent part 

= conventional strain 

= component of force acting on an element of volume 

as a subscript denotes final (strained) condition 

= height or dimension in radial direction 

= flow stress, i.e., uniaxial stress necessary to cause plastic 
flow 

L = element of length (tangential unless otherwise specified) 

m as a subscript denotes center (with respect to curvature, 

i.e., ho/a) of a finite interval of bending 

n as a subscript denotes neutral axis, i.e., point of zero tan- 
- gential stress or zero tangential strain differential 

r = radius to an arbitrary point 

*r as a subscript denotes radial direction 

8 = stress 


ren ta 8 


' This paper originated in an investigation conducted at Case 
Institute of Technology, Cleveland, Ohio, under contract with the 
National Defense Research Committee of the Office of Scientific 
Research and Development. The completion of the analytical work 
reported in this paper and further experimental work were made 
possible by the Frederick Cottrell grant made by the Research 
Corporation, New York, N. Y. A preliminary report on the experi- 
mental work is in preparation. 
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By J. D. LUBAHN? anp G., SACHS* 


al Plastic Metal’ 


t as a subscript denotes tangential direction (will be omitted 
where tio ambiguity arises) 
-V = volume 
w = breadth[= + e¢,,)]. 
w as a subscript denotes lateral direction 
x = distance from an element of volume to concave surface (=_ 


r—a) 

0 as a subscript denotes initial (unstrained) condition : 

1 as a subscript denotes direction of largest principal strain : = 
or stress 

2 as a subscript denotes direction of intermediate principal - 
strain or stress 

3 as a subscript denotes direction of smallest principal strain — 


or stress 
¢ = natural strain [ = In (1 + e)] 
= uniaxial tensile strain causing an equivalent strain- hard- 
ening (when flow stress is a function of three principal 
strains) 
= beginning of finite interval of bending 
= end of finite interval of bending 


INTRODUCTION 


The bending of metal bars and plates by amounts sufficient to 
cause plastic deformation of practically the entire volume of the 
metal causes a condition of stress and strain throughout the part 
which is exceedingly complex. Under certain conditions, how- 
ever, it is possible to treat the problem quantitatively, as dis- 
cussed later, although the solution is involved and tedious. The 
simplifying conditions which are necessary to allow mathematical _ 
treatment of the problem are as follows: (a) It must be con-— 
sidered that the part is externally loaded only by end moments, 
i.e., that there is no pressure against the concave or convex sur- 
face, except at the ends of the bent portion; (b) the region of elas- 
tically deformed metal must be negligibly small; (c) all elements 
of volume of the part must have either zero lateral‘ stress (condi-- 
tion of plane stress) or zero lateral strain (condition of plane 
strain); and (d) the bend must be long enough in the circumfer- _ 
ential direction so that the end effects do not disturb the behavior _ 
of the metal near the center of the bend. These circumstances 
will be approached rather closely in bars which are sufficiently 
wide (approaching plane strain) or sufficiently narrow (approach- 
ing plane stress) and which contain a bend that is neither too 
mild nor too sharp. 

Previous treatments (1, 2, 3, 4)° of plastic bending have dealt 
with an even simpler set of circumstances where only the stresses 
and strains in the circumferential direction have been considered, 
the changes in cross-sectional contour have been neglected, and 
the effects of curvature on the. position of the neutral axis have 
been disregarded. 

In the present paper an “‘ideal plastic metal,” i.e., one exhibiting 
no strain-hardening, will be assumed. Even with this assump-— 
tion, however, the solution of the plastic-bending problem re- 
quires graphical methods for determining both the stresses and 
strains in a narrow bar and for determining the strains in a wide 
plate; only the stresses in a wide plate are obtainable algebra- _ 
ically. Consequently, for an actual metal with a specific stress- _ 
strain curve, the solutions would be but little more complex, 


‘ See Fig. 1 for definition of directions. 
* Numbers in parentheses refer to the Bibliography at the end of © 
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as will be shown. On the other hand, the solutions for the ideal 
plastic metal conform closely to the deformation characteristics 
of real metals, so it appears that little is to be gained by repeating 
the procedure to be given for any real metals. This statement 
does not apply to the stresses, however, and consequently the 
bending loads, springback characteristics, and other aspects 
of bending require consideration of the strain-hardening and can- 
not be deduced accurately from the results of the present analysis. 


Puiastic-FLow Laws AND CONDITIONS OF THE PROBLEMS 


In the following solutions of plastic-bending problems, the 
behavior of the metal will be considered to be governed by the 
following empirical relations, which are generally accepted as 
the “laws” of plastic flow: 


(a) The condition that the volume remains constant during 
plastic flow can be expressed in terms of the principal natural 
strains by 


aterteg=0 TTT 
de + de + de = 0 


where the natural strain e, is defined in terms of the conventional 
strain e, or change in length divided by initial length, by 


= In (1 + e) 


(b) The condition of stress under which plastic flow Rroe eeds 
is given by the energy-of-distortion condition 


— 82)? + (s2 


83)? + (8; — 83)? (re 


In this equation, k is the uniaxial stress necessary to cause plastic 
flow. 


(c) The relation between the strains and stresses in the plastic 
state is given by 


In addition to the foregoing relations governing the behavior of 
the metal itself, certain general prince aan of mechanics also apply 
to the situation at hand. 

(d) For a stationary body, the equilibrium-of-force condition 
requires that the sum of the force components in any given direc- 
tion (in particular, the radial direction) must be zero 


[4] 


(e) For loading by end moments only, i.e., no external radial 
forces in the region considered, the equilibrium-of-force condi- 
tion applied at the concave and convex surfaces of the bent part 
requires that the radial stresses at these surfaces be zero 


s, = Owhenr 


= 


SOLUTION FoR PLANE STRAIN 


General Considerations. In the case of plane strain, the dis- 
tribution of the stresses between initially unknown positions of the 
boundary surfaces can be determined algebraically. Subse- 
quently, the position of thé neutral axis can be determined, from 
which it is possible *to calculate the strains and the height (see 
Fig. 1), and thus the positions of the concave and convex sur- 
faces of the bent part. 

If a wide plate is bent, the circumferential stretching at the 
convex surface tends to cause lateral contraction of this surface, 


* For a detailed discussion of these relations, see Nadai (1). 
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and similarly there is a tendency for the concave surface to ex- 
pand laterally. This would cause lateral curvature of the part; 
but the resistance of the circumferentially curved plate prevents 
such lateral bending almost completely, and the lateral strains 
are therefore the same throughout the volume of the bend. Fur- 
thermore, the lateral resistance of the flat portions adjacent to 
the bend prevents any average lateral extension or- contraction 
of the bend, so that the lateral strain <,, is practically zero at 
every point. 


Derinitions or Directions AND Dimensions iN BENT 
PART 


From considerations of symmetry it can be seen that the shear 
stresses are zero on planes determined by the radial, lateral, and 
circumferential directions, and consequently these are the prin- 
cipal directions. Because of the constant volume condition, 
the value zero for the lateral strain will require this to be -the 
intermediate principal strain-e, and the intermediate principal 
stress will be the lateral stress. Applying « = 0 to Equations 
[3] and [1b] yields : 


= 
9 


Then Equation [2] becomes 


Stress Distribution for Plane Strain. For rotational symmetry, 
equilibrium of force in the radial direction Equation [4] yields 


. the following differential equation relating the 1 radial and tangen- 


tial (5) 


At the convex surface, s, is a tensile stress and s, is zero, so that 
8, is the largest.and s, is the smallest prinvipal stress. Then 


Equation [7] becomes: 
2k 9] 
8, 8, = Ja [ 


Combining this with Equation [8] and rearranging yields * 


ds, _2dr 


Integrating between the boundary condition [5b] ond an arbi- 


trary point r, s, 
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Equation [10] shows that s, becomes negative as r becomes smaller 
than b and consequently, as r deviates from b, Equation [10] is 
applicable as long as s, and s, are continuous. 

At the concave surface, s, is a compressive stress and s, is zero, 
so that s, is the largest and s, the smallest principal stress. Then 
Equation [7] becomes 


v3 


which, combined with Equation [8] and integrating between the 
boundary Condition [5a] and an arbitrary point, r, s, becomes 


2 
(12) 


According to Equation [12], s, becomes negative, as r becomes 
greater than a, and consequently, as r deviates from a, Equation 
[12] is applicable as long as s, and s, are continuous. 

The solutions Equations [10] and [12] for s, will be identical at 
one and only one value of the radius, so that Equation [10] will 
apply at larger radii and Equation [12] at smaller radii. Con- 
sequently this is the point where the tangential stress changes 
from positive’ to negative, and it will be designated as the neutral 
axis, r,. The position of the neutral axis is obtained by setting 
equal to each other the two expressions Equations [10] and [12] 
for s,, yielding 


The distributions of radial stress in bends of various curvatures 
are shown in Fig. 2, in terms of the as yet unknown height, A. 
These curves show clearly the increase in radial compression as 
the curvature increases. The distribution of tangential and 
lateral stresses, as well as the radial stress, are shown in Fig. 3 
for one particular value of the curvature of the bar, namely, for 
h/a = 1.8 

The Neutral Aris, When r < r,, the tangential stress is the 
smallest principal stress, as discussed previously, and conse- 
quently the principal direction in which the algebraically small- 
est change, de, in strain occurs is the tangential direction, i.e., 
de, = dg. Since de, = 0 and considering Equation [1b], des must 
be negative. Thus de, is also negative for r < r,. Likewisé, 
de, is positive when r > r, because the tangential stress is the 
largest principal stress in this region. Consequently, de, is zero 
at the neutral axis; and the neutral axis may be defined not only 
as the point of zero tangential stress, but also as the point of zero 
tangential strain differential. The variation with curvature of 
the neutral axis with respect to the as yet unknown positions of the 
bounding surfaces (r = a and r = 5b) is shown in Fig. 4. The 
fact that de, = 0 when r, = Y/ ab, together with the value of 
the curvature and the condition that the distribution of (con- 
ventional) tangential strain is linear across the radius,® constitute 
the necessary information for determining the radial distribution 
of tangential strains. 


7 For very large curvatures (small radii (a/ho) of curvature, s;"ac- 
cording to Equations [9] and [10] may be negative at r = rj, but the 
magnitude of the discontinuity in at rp will still be 4k (com- 
pare [9] and [11]). 

* It is interesting to note that the stress distribution in a plastically 
bent plate is identical with that which would be obtained if one thick- 
walled tube were shrunk onto another in such a manner that both 
were in a condition of complete plastic flow (6). 

*It can be shown experimentally that the radial distribution of 
éangential strains is linear near the (tangential) center of even a rather 
skarp bend 
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Strain Distribution. Because of the continuously changing posi-— 
tion of the neutral axis with increasing curvature (see Fig. 4), the 
total tangential strain must be determined by integrating the — 


differentials of strain occurring during small increments of bend- _ 7 
ing in which the height remains constant and the neutral axis 
remains at a fixed distanee (r, — a) from the concave surface and 

« 


the length L,, remains fixed, Fig. 5. Two cross sections bounding 
an initial length of the bar (before bending) of Lo will subtend an 
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In order to determine the surface strains (e, and e,) after a 
change in curvature from zero to h/a, a method of successive 
approximations has been used consisting of the following steps: 


=. 
aé | i. | la Obtain a first approximation to the strains by assuming 
| 


| that the height remains constant and onpuig Equations 
{15] and [16] algebraically. 


mae 1b Obtain a first approximation to h by using Equation [19] 


and the results of step la, 


| 
2a Using the values of h found by step 1b, integrate Equations 
| I | | [15] and [16] graphically to obtain a second approximation to 
| | | the surface strains. 
| 2b Determine a second approximation to A using Equation 
“5 7 2 —a 4 Ss [19] and the results of step 2a. 


PROGRESSIVE BENDING ~ be 

The foregoing procedure yields successive approximations to 
the correct solution, each of which is more nearly correct than the 
preceding one. Consequently the procedure described under 
steps 2a and 2b may be repented until the desired accuracy is 


Fic. 4 CHANGE IN Pos!TION oF Neutrat Axis Durinc BEenpDING 
FOR PLANE STRAIN 


obtained. 
Step la. Considering h constant differentiating Equation 
[14] 


dL, = adA + Ada 
= + 8) + Ade 


+ 


* By means of these relations and Equation [14], A can be elimi- 
nated from Equations [15] and [16], yielding 


dL, da _da_ 


[20] 
aL, -da da 


L, ath V a(a + h) 


These equations can be integrated between the limits L, = L, = 
In when a = &, and the general condition of strain, yielding 

Fig.5 CHANGES DURING AN INFINITESIMAL INTE RVAL 


about the ends of the neutral axis during the interval. If the 
radius a, to the concave surface changes by da during the interval, 


L 4 
(22) 
angle, A, during the interval, and may be considered as rotating - 2a + h + 2 Vala + h) ‘ 


the cross section at one end of the neutral axis will rotate through : AMEE See + 5 : 
an angle dA, with respect to the cross section at the other end “yy We 
of the neutral axis, Fig. 5. The lengths, L, and L, of the fibers / a . i 
at the concave and convex surfaces, respectively, will change by ° Yj : aces 
; wmectively. Fig. 5 vields tw 
small amounts, dl, and dL,, respectively. Fig. 5 yields two ! 
equations each for the lengths L, and L,, of the surface fibers : - = 
L,= Aa L, = Ab = A(a+h).....«....[14] 
and 
dL, = (a—r,)dA = [a— GA..... [15] 
a? of 
dL, = (a+h—r,MA = [at+h—~Vala+h)| dA..[16] 


The constant volume condition, Fig. 6, yields the relation 


 A(L, + Ly) 


BENOING 


Since by definition 
Equation [17] reduces to 


h Fic. 6 Constant VotuMe ConpDiITION FOR PorTION Or BENT SHEET 
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4(a + h) 


23 
+h +2 Vala +h) (33) 


These values of e, and e, are shown in Fig. 7, curve 1 (to desig- 
nate the first approximation). 
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Fic. 8Y Successive APPROXIMATIONS TO CHANGE IN HEIGHT ON 
BENDING FOR PLANE STRAIN 


Step 1b. Using the surface strains given by Equations [22] and 
[23], the height (expressed as a fraction of the initial height) 
can be determined from Equation [19]. This is plotted in Fig. 
8, curve 1 (to designate the first approximation). 

Step 2a. For graphical integration of Equations [15] and 

* [16], these equation’ may be applied to a small finite interval of 


— L’, = (A® — A") — fam) [24] 


bending whose beginning is designated by prime, and whose end 
is designated by double prime. If the interval is sufficiently / 
small, h and (r, — a) may be considered as constant during the 7 
interval and may be taken at a curvature midway (subscript m) = 
between that at the beginning and that at the end of the interval. - 
Then Equations [15] and [16] become 


L’,— L', = — A’) + hy — Tam)... [25] 


where 


= Va,(a, + hy) 


Applying Equation [14] to the beginning and end of the interval 
yields values of A’ and A” which can be substituted into Equa- 
tions [24] and [25] yielding 


a”\ a’ —a,, + ram 
(“‘) a” — a, + Tam [26] 


L’, (= +e) (s==+ ) (27) 
L’, a’ +h’ a” — a,, + Tan > 
Dividing numerator and denominator of the left member by Lo 
and of the right member by ho yields the strains at the end of the 


interval in terms of the strains at the beginning of the interval 
and quantities available from the previous approximation 


L’,/Lo  \a’/ho/ \a"/ho — aq /ho + Tam 


(28) 
L',/lo) \a'/ho + h'/ho 


a” /ho a,,/ho + Tam/ ho 


Values of h/ho at a’/Mo, a,,/ho, and a”/ho, respectively, are given 
in Fig. 8, curve 1. The fact that intervals of ho/a of one half 
are sufficiently small to give good accuracy can be shown by com- 
paring the results of Equations [28] and [29] for this interval size 
and for a constant value of h, (h = ho), with the results of Equa- | 
tions [22] and [23], respectively. The second approximation to 2 
the surface strains obtained by Equations [28] and [29] is shown ; 
in Fig. 7, curve 2. 

Step 2b. Using the surface strains given in Fig. 7, curve 2, 
a second approximation to the height can be determined from — 


Equation [19]. This is shown in Fig. 8, curve 2. 


The third and fourth approximations (curves 3 and 4 in Figs. 7 
and 8) show that consecutive solutions yield values approxi- 
mately midway between those of the two preceding solutions. 
This information makes it possible to make an estimate directly 
of the final solution, which may be verified by applying steps 
2a and 26 of the foregoing procedure to the estimate. The re- 
sult, Fig: 9, shows that the estimate based upon four approxima- 
tions is quite accurate. 

The final solution for the surface strains is shown in Fig. 10 
where the results are compared with the “conventional bending 
strains,” i.e., those obtained by assuming constant height and that — 
the neutral axis remains at the center of the height. 

As will be shown, the tangential surface strains are the same 
for plane stress as for plane strain (within the limits of accuracy 
of the method); and in Fig. 10 are presented some data for various 
conditions between these limits, which show that the theoretical 
solutions agree closely with experimental measurements for bars 
or plates of any width. Of particular significance is the fact that 
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. strip which is bent edgewise, Fig. 11, will have zero stress in the 
ge lateral direction (i.e., s,, = 0), and thus will be in a state of 
A li, +~— “plane stress.” Since the radial stress is zero at the convex and 
. ‘ie ; concave surfaces, these surface fibers will be in a state of uniaxial 
t t ee 5 tension and uniaxial compression, respectively, in the ts angential| 
© SLCOND LAST APPRONIMATION direction, i.e. 
° AINAL SOLUTION 8, = 3: = kwhenr = b 
7) 2 8, = 83 = —k whenr =‘a 
_Under conditions of uniaxial tension and compression there are 
Accorpine To Last APPROXIMATION AND FinaL SOLUTION lateral contraction and expansion, respectively, causing the cross, 
: séction to distort into a figure resembling a trapezoid, Fig. 11. 
2 Out of a bar with such a cross section, an element of volume hav- 
‘ ing infinitesimal dimensions in the radial and tangential direc- - 
ai ya —_ tions but the full breadth, w, of the bar in the latergl direction 
will have acting upon it the forces shown in Fig. 11. The.sum 
ap] 
ces 
pre 
ne 
of 
2or— 4INAL THEORETICAL 


SOLY7/ION FOR PLANE 


SECTION A-A 
S7AA/N OF? PLANE 


AATREME TANGENTIAL STPPAINS ~ PEA CENT 


40 STRESS ( = 00 
CONVENTIONAL BENDING 
STRAINS. 
© 2474 2450 1 oRCE ACTING or VoL_uME 1n Bent Bar; 
“£0 PLATE (OS «$F )— ‘ 
_ mA 4 of the force components in the radial direction may be equated - 
ir to zero, yielding 
: ; 
+ ds,) (w + dw) (r + dr)dé — s,wrd@ — 2s,dr 
(w + dw) sin 2 = @...... [31] 
where dé is an infinitesimal angle between the two vada shee 


which bound the element. Equation [31] reduces to 


8,dw — 8, s,de,, 


r wdr r (1 + e,)dr 
_ To solve this equation, it is necessary to reduce the number of . 
7 variables to two, namely, the independent variable r, and one de- : 
PROGRESSIVE BENDING ~~hy Jo pendent variable. This requires that.e,, be known as a function of, . 


r and that there be a relation between s, and s,. The latter rela- 
Fie. 10 Comparison oF MeasurRED AND THEORETICAL CrrcuM- 


ion i ishec ini “quatio wit » conditio 
FERENTIAL SURFACE STRAINS FOR Wipe RANGE OF Wo/ho VALUES tion is furnished by combining, } juation [2] with the condition 
BETWEEN PLANE STRAIN AND PLANE STRESS of plane stress (s,, = 0), yielding 


8, V/ 4k? 3s,? 
the agreement is good between the theoretical sqlution for an ideal , 
plastic metal and data for an actual metal. This means that the er a, 2 
strain-hardening characteristics of the metal have but little in- Consideration of Equation [30] shows that the choice of sign in 
fluence on the strains in bending and consequently the fore- Equation [33] should be negative when r = a, and positive when 
going solution should be applicable to a wide variety of metals, in . = ‘ 
* go far as the strains are concerned. However, the stresses will 


Procedure for Numerical Solution. The relation necessary for 
vary considerably from metal to metal. 


the solution of Equation [32], giving w as a function of r,.4.e., 
the radial distribution of lateral strains in the bent, part, is a 
complex function (see Equation [3]) of the stresses which in. 
Development of Equations for the Stresses. A sufficiently thin turn require for their determination the solution of Equation 


SOLUTION FOR PLANE STRESS 


4 


-LUBAHN 


(32). * Thus, at the best, an algebraic solution for Equation [32] 
would be very complex, and even then not adaptable to the solu- 
tion fer an actual (strain-hardenable) metal. Consequently a 
solution was obtained by a method of successive approximations, 
each approximation consisting of the steps shown in Table 1, and 
resulting in a more accurate set of cross sections than the previous 
set. The final result 6f any one approximation must be ex- 
pressed as a set of cross sections, rather than a single one, to rep- 
resent the increasing “sharpness’’ of the bend, as expressed ‘by 
the curvature, ho/a, of the concave surface. 


TABLE 1 OUTLINE OF STEPS FOR ONE APPROXIMATION 


a) For the first approximation, assume some arbitrary (but reasonable) set 
of cross sections which vary in shape with progressive bending. For 
all suc ceeding approximations, use the set of cross sections determined 
by the previous approximation. 

(b) Using cross sections given by (a), solve Equation [32] for stresses. 

(c) Determine position of neutral axis as point of zero tangential stress. 

d) Using’ this position of neutral axis and assumed condition of linearly 
distributed tangential strains, calculate extreme tangential strains. 

(e) Determine lateral and radial strains. 

(f) Integrate radial strains to obtain height. This, together with distribu- 
tion of lateral strains, is necessary information for integrating Equation 

|32], which is first step of next approximation. 


The results of the analysis” show that the method of successive 
approximations as outlined is a converging process, i.e., each suc- 
cessive result ‘is closer to a self-consistent final solution than the 
previous one. The method may be repeated as many times as 
necessary to obtain the desired accuracy, i.e., until the last and 
second last set of cross sections differ by less than the accuracy 
of experimental] work. 

Stress and Strain Distributions. The distributions of radial 
and tangential stress across the (initially unknown) height are 
shown in Figs. 12 and 13, respectively, for several curvatures, as 
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Fie. 12 Variation or Rapiat Stresses Wire PRocressive 
BEenDING ror PLANE Stress; First APPROXIMATION 


calculated by the steps leading to the first approximation. Suc- 
ceeding approximations yielded similar stress distributions. 

The change in position of the neutral axis with changing curva- — 
ture, Fig. 14, is nearly the same ‘as for plane strain, Fig. 4. The 
neutral axis remains slightly closer to the center line in plane 
stress than in plane strain. 
1° The detailed mathematical procedure of this analysis can be 


found in Report No. M-478 of the National Defense Research Com- 
mittee of the Office of Scientific Research and Development entitled _ 


“Correlation of Information Available on the Fabrication of ‘loys 


num Alloys (NA-126): Section V—Formability of Aluminum Alloys 
for Use in Military Aircraft, Part IV—-Fundamentals of Pure Bend- 
ing of an Ideal Plastic Metal Under Conditions of Plane Stress,”” by 
G. Sachs, J. D. Lubahn, and J. M. Taub, April 26, 1945. 
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Tlie height (the solid curve in Fig. 15) decreases with increas- ; 


ing curvature in almost the same manner as in plane strain (Fig. 9, 


solid curve). ‘The change in height is slightly less for plane stress - 


than for plane strain. . 

The tangential strains at the concave and convex surfaces are 
practically identical with those obtained for plane strain, and 
may be taken with sufficient accuracy directly from the solid 
curve in Fig. 10. The conditions of plane stress and plane strain 
represent the extremes of zero and infinity for the breadth-to- 
height ratio of curved parts. The identical results obtained for 
the tangential surface strains for thése extremes suggest that 
these surface strains might apply to bars of all intermediate 
breadths. Fig. 10 shows data‘for bars having breadth to height 
ratios bétween 0.5 and 5.5. These results all agree within the 


experimental error with the theoreti¢al strains for plane stress or” 


plane strain. 

The shape of the cross section can be expressed by the distritbu- 
tion of lateral strains across the height. The variation of these 
strains with increasing curvature is shown by the solid ‘lines in 
Fig. 16. It is interesting to note that the breadth of the part in- 
creases slowly from the tension side to the center, and then more 
rapidly as the compression side is‘approached. Fig. 17 shows the 


radial distribution of lateral strain for a curvature (ho/a) of 1.3, 
according to the theoretical solution for plane stress. A condi- 
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Fic. 17 Measurep Rapiap Distripution oF LATERAL STRAIN FOR 
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tion of plane stress exists in a hypothetical bar whose breadth- 
to-height ratio is zero. An actual specimen with a very small 
breadth-to-height ratio (0.1) vielded a radial distribution of lateral 
strain very nearly that predicted by the theory for plane stress 
(for the same curvature), Fig. 17. This agreement not only 
bears out the theoretical analysis, but also indicates that a rather 
thin: strip bent edgewise corresponds closely to a condition of 
plane stress. 
ACKNOWLEDGMENTS 

The authors are indebted to the War Metallurgy Committee 
of the National Research Council, which supervised the initial 
work, for permission to publish this paper. The authors also 
appreciate the assistance given by Messrs. L. J. Klingler, L. J. 
Ebert, and J. M. Taub. 


BIBLIOGRAPHY 


1 “Plasticity,"” by A. Nadai, McGraw-Hill Book Company, Inc., 
New York, N. Y., 1931. ° 

2 “Mechanics of Sheet-Metal Bending,” by W. Schroeder, Trans. 
ASME, vol. 65, 1943, pp. 817-827. 

3 “Plastic Bending,’ by W. R. Osgood, Journal of the Aeronau- 
tical Sciences, vol. 11, 1944, pp. 213-226; vol. 12, 1945, pp. 253-262, 
272, and 408-420. 

4 “Effect of Bend Width Upon Minimum Bend Radii,” by G. 
Gerard, Journal of the Aeronautical Sciences, vol. 13, 1946, pp. 161-170. 

5 “Theory of Elasticity,"’ by 8. Timoshenko, McGraw-Hill Book 


Company, Inc.; New York, N. Y., 1934, p. 55. 


6 “The Strength of Inserted Dies,"’ by G. Sachs, J. D. Lubahn, 
and L. J. Ebert (in publication). 

.7 “Plastic Flow in Metals,"’ by J. J. Jelinek, A. J. Latter, E. G. 
Thomsen, and J. E. Dorn, Research Report No. W-200, War Produc- 
tion Board, Office of Production Research and Development, May, 
1945. 


| 
20 
F LO 
a 
| 
| 
1f 


History and | “mance of thie Oil- Refinery 


Steam- Electric Generating Stations of the 


Pacific Gas and Electric Company 


By V. F. ESTCOURT,! 
Design and operating characteristics are given for the 
three 1400-psi 940 F steam-electric generating stations 
built by the Pacific Gas and Electric Company for furnish- 
ng process steam and electricity to the three adjacent oil 
efineries, in addition to generating firm power for its own 
ransmission system. Ananalysis is made of a number of 
:pecial problems peculiar to this sort of undertaking, and 
»oth the advantages and limitations are discussed and 
-valuated, with emphasis upon the factors which must be 
‘onsidered in order to gain the maximum benefits from 
such a joint venture. It is pointed out that this type of 
plant can deliver the refinery’s variable requirements for 
process steam without materially affecting the ability to 
generate firm power at high thermal efficiencies. How- 
ever, high-sulphur fuels require higher exit-gas tempera- 
tures in order to avoid air-preheater corrosion, with result - 
ant lower boiler efficiencies. 


OINT studies were conducted in 1937, in conjunction with the 
Tidewater-Associated, Shell, and Union Oil Companies for the 
purpose of working out the design details and contractual 

urangements whereby the Pacific Gas and Electric Company 
vould construct steam-electric generating stations respectively 
idjacent to the oil refineries of these three oil companies for the 
generation of electric power and process steam for the use of 
the refineries, plus electric power for the transmission system of the 
Pacific Gas and Electric Company. The three contracts as finally 
written were almost identical except for certain minor provisions 
elating to the fuels to be burned and the quantities of steam and 
ower to be delivered to the refineries. 

The first of these plants, located at Avon, Calif., adjacent to the 
lidewater-Associated Company’s oil refinery, was placed in opera- 
ion on December 15, 1940; the second plant, located at Mar- 
inez adjacent to the Shell Oil Company’s refinery, went into 
service on June 13, 1941; and the Oleum Plant, adjacent to the 
Union Oil Company’s refinery, first went on the line on January 
15, 1942. A second identical-unit was installed at Oleum and 
laced in service on May 24, 1943. This unit was selely for the 
surpose of meeting the load growth on the Pacific Gas and Elee- 
rie system, 

\ detailed description of the design of these stations -already 
iis been published in’a paper by C. E. Steinbeck.? 
paper was included a plan of the station layout, a cross section of 


Engineer of Steam Operation, Pacific Gas and Electric ompany. 

Mem. ASME. 
“Power and Steam Plants for Oil-Refinery Service,” 

Steinbeck, Trans. ASME, vol. 61, 1939, pp. 733-740. 

Contributed by the Power Division and presented at the Semi-An- 
nual Meeting, San Francisco, Calif., June 27-30, 1949, of Tue 
\MenIcAN Society oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced .in papers are to be un- 
derstood as individual expressions of their authors and not those of the 
Society. Paper No. 49—SA-11. 


by C. E. 


SAN FRANCISCO, CALIF. a4 


In that’ 


:. 
and 2 a flow diagr: - showing both the 
conventional plant cycle and the superimposed process cycle for 
the generation of steam for the neighboring oil refineries. Mr. 
Steinbeck’s paper was written before any of the plants had been 
placed in operation and therefore was confined to a description of 
the basic layout. This present paper may be considered as a con- 
tinuation, of the subject from the point where Mr. Steinbeck’s 
discussion ended. 


the boilers and turbines, 


FUNDAMENTAL CONSIDERATIONS 


There are certain fundamental considerations which must be 
taken into account before it is possible to write a contract which 
will be satisfactory to both parties on a long-term basis. The re- 
finery, on the one hand, expects to get a cheaper and more reliable 
source of steam and electric power. On the other hand, if the un- 
dertaking is to be attractive to the utility, it must be possible to 
design the installation so that this sort of service can be given to 
the refinery at an over-all cost to the utility which is competitive 
with the cost of generating electric power in its conventional gen- 
erating stations. This calls for a very careful and realistic analy- 
sis in order to avoid overlooking factors which might later prove 
to be detrimental to either party, or which might result in making 
commitments which cannot be met in practice, thereby disturbing 
the balance of the mutual advantages which rightfully can be an- 
ticipated in a carefully worked out agreement. 

The plant must also be designed not only to meet the existing 
steam and electric requirements of the oil refinery but must be 
capable of reasonable expansion in anticipation of future growth 
not only of the oil refinery but also of the electric facilities of the 
utility. This may not be easy to do without sacrificing some of 
the original advantages unless the problem is given detailed con- 
sideration in the initial design. . 

The basic advantages which may be gained by the parties in en- 
tering into such an arrangement are as follows: 


(a) The combined project, if properly conceived, will result in 
over-all economies which cannot be realized by either party sepa- 
rately. If the various technical and commercial factors are 
given realistic consideration, the resultant benefits can and should 
be shared equally by both parties. 

(b) The oil refinery is provided with a reliable source of low- 
cost electrical energy and process steam. 

(c) The oil refinery is provided with a commercial outlet for its 
waste fuels, and the burning of such fuels for the generation of 
electric energy is a contribution in the interests of conservation of 
our natural resources. 

(d) In addition to the sale of electricity and steam to the oil re- 
finery, an appreciable block of electrical energy with firm power 
value can be delivered to the transmission system of the utility. 

(e) A stable source of fuél supply is made available to the util- 


“ity not only to meet the refinery requirements, but also for the 


generation of the energy which is delivered into the utility’s trans- 


mission system. fe 
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Table 1 


Volatile ‘constituer 
Fixed carbon 


CASH 
PAYMENT 


PAYMENT 
FUEL 
73% 


. 


PURCHASED FUEL 
27% 


MAINTENANCE 
OPERATION —> 


ties of ‘‘substitute fue 


mum demands given in Table 


Is.” 


mand charge plus a commodity charge. 
lished wherein the barrels of substitute fuel to be delivered by the 
oil companies in part payment for the steam and electricity was 
obtained by multiplying by a certain factor the total pounds of 
steam or kilowatthours delivered to the refinery. 
ferent multiplying factors for steam and electricity, respectively. 
The definition of substitute fuel, as applied in .the contract is 
“any liquid or gaseous fuel, including refinery-waste fuel such as 
acid sludge, tars, waxes, and gases which will not leave an unburna- 
ble residue in excess of 2 per cent by weight, and will produce 
substantially the same output of steam from the boilers as: when 
fired to capacity with fuel oil.”’ 
further provision was made at the Oleum Steam Plant to include 
pulverized petroleum coke having the following analysis: 


its 


PRINC IPAL F EATURES OF THE GonTRACT 


The three contracts were signed during 1937 and 1938, oad re- 
ceived the approval of what was then known as the California 
State Railroad Commission but which now functions-under the 
name of California Public Utilities Commission. 
steam afid electric quantities involved in each case are given in 


TABLE 1 STEAM REQUIREMENTS OF, 


INERIES 
. Process steam, Electricity, 
Name of eompany PM per hr kw 
Tidewater-Associated Oil C preerede 275000 15000 
Shell Oil Company. 325000 15000 
Union Oil C ompany . . 275000 15000 


The Pacific Gas and Electric Company agreed to furnish process 
steam and electric energy in quantities not to exceed the maxi- 
1, in exchange for certain quanti- 
plus cash payments based upon a de- 
A formula was estab- 


not less than 10 per cent 
not more than 90 per cent 


not more than 1 per cent 
Sulphur...... not more than. 2 per cent 
Impregnated oi]... ... not more than 2 per cent 


Provision was also made for the purchase by the Pacific Gas 
& Electric Company of certain quantities of ‘‘excess fuel oil” 
over and above the amounts delivered to it in payment for steam 
and electricity. This féature provided a firm source of fuel supply 
for the generation of electric power for the company’s own trans- 
mission system. In Fig. 1 is given 
tion of the disposition of the various quantities of steam, elec- 
tricity, fuel, and cash involved in the operation of the contract. 
Based upon a nominal maximum load‘of 46,000 kw, more than 
30,000 kw is delivered to the company’s transmission system, and 


FIXED CHARGES 


Fic. Distrrisution 


OF STEAM AND ExLectrric Loaps, CasH AND 
Fue. PayMe NTS, ETc., AVON STEAM PLANT 


a little under 12,000 kw is delivered to the oil refinery, plus 
CASH 
33%-4 
FUEL> REFINERY! | 1.940 Kw 
FUEL 
-275M LB/HR~— 
CASH STEAM al 
STATIONUSE 7 | 
TOTAL FUEL 26M LB 
PER HR 
EV /APORATOR 
TURBINE 46000K i 42460KW 
GENERATOR S40KW 
! 
AND 
TRANSMISSION 
SYSTE 
30,520 KW 


The maximum 


There are dif- 


In addition to the foregoing, a 


a diagrammatic representa- 
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275,000 lb pet hr of process steam. Of the total payment in 
terms of fuel and cash for these quantities of steam and elec- 
tricity, 67 per cent is for steam and 33 per cent is for electric 
energy. Under the operating conditions shown in the diagram, 
the total payment fuel represents 73 per cent of the total fuel re- 


quirements of the station, and the remaining 27 per cent must, 


be purchased under the excess-fuel-oil clause in the contract. 


DestGN AND OPERATING CHARACTERISTICS 


In order to meet the operating requirements of the Pacific Gas 
and Electric system, the turbine generators had to be capable of 
providing a firm electrical power source for its own system without 
being dependent upon the process-steam demands of the oil re- 
finery. It was also necessary to make the installation self-suf- 
ficient as an electric generating station even though.the contract 
with the oil refinery were discontinued at some future date. From 
this point of view, a straight back-pressure turbine presented dis- 
tinct disadvantages, because in this case there must be an outlet 
for the exhaust steam before the turbine is able to generate power. 
Therefore, single 50,000-kw, 3600-rpm_ tandem-compound units 
with automatic extraction at the exhaust of the high-pressure tur- 
bine were selected for each of the three stations, and are designed 
for an initial ste: um pressure of 1400 psig and a total steam tempera- 
ture of 940 F. Although these units are nominally rated at 
50,000 kw, they have under favorable extraction conditions opera- 
ted as high as 55,000 kw. “Thejr average capability under: the 
usual refinery steam loads is about 46,000 kw. 

The turbine is designed so that it may be operated either as a 
straight condensing tandem-compound machine or as an auto- 
matic extraction unit. It is only on rare occasions that it is neces- 
sary to operate on a straight condensing basis; and, under these 
conditions, the capacity of the unit is reduced to approximately 
11,000 kw. Thus, should the.oil refinery temporarily curtail or 
discontinue taking process steam, as was the case during the re- 
cent Pacific Coast oil-refinery strike, the plant is able to continue 
generating more than 80 per cent of its nominal capacity. Should 
the refinery permanently discontinue taking process steam, it 
would be feasible to add a second low-pressure condensing clement 
of approximately 25,000 kw capacity, thereby raising the nonex- 
traction capacity of the unit from 41,000 to 66,000 kw with the 
same installed boiler capacity. 

The low-pressure turbine exhausts into a condenser which is 
somewhat smaller than would be used for a conventional con- 
densing machine for the reason that large quantities of steam 
normally are extracted at the exhaust of the high-pressure element, 
thus unloading the condenser. This feature is illustrated by the 
curve in Fig. 2 showing that at 40,000 kw and with a contract 
demand of 275,000 Ib per hr of process Steam, the flow to the con- 
denser is only 172,000 lb per hr, as compared with 324,000 Ib per 
hr for straight condensing operation; or stating it in another way, 
the condenser flow for these conditions, when operating on an 
automatic extraction basis, is approximately 53 per cent of what 
it would be for straight condensing operation. Obviously, any 
reduction in condenser losses with the same kilowatt output re- 
sults in a substantial gain in economy inthe over-all cycle, as well 
as a saving in initial investment for the smaller condenser. Due 
to the relatively few hours of operation on a straight condensing 
basis, it is economical to overrate the condenser for these condi- 
tions at some sacrifice in efficiency. , 

There is a somewhat tomplicated relationship between the 
electric generating capability of the turbine generator and the 


*process-steam flow to the oil refinery. From the curves in Fig. 3 


it can be seen that, as the refinery steam load increases, the elec- 
tric load on the turbine generator*can. be held constant or in- 
creased until the control valves on the low-pressure turbine are 
wide open. When this optimum point is reached, any further in- 
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crease in the electric load can be made only by increasing the re- 
finery steam load. In this connection it is interesting to note 
that the second unit installed at Oleum made it possible to divide 
the extraction load between the two units and thereby operate 
more nearly at this optimum extraction point, so that the capa- 
bility of the first machine was slightly increased as a direct result 
of installing the second unit. At a refinery steam demand of 
275,000 lb per hr and with all of the extraction steam coming from 
one machine, the capacity of the turbine is 46,000 kw, as com- 
‘pared with 48,000 kw on each of two units with the extraction di- 
vided equally between them. . 

The steam which is extracted from the high-pressure turbine is 
passed through the process evaporator coils, and the condensate 
is returned to the plant cycle. The heat exchange with the proc- 
ess feedwater results in the generation of steam at approximately 
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3 


50 
GENERATOR LOAD - THOUSAND KW 


Fie. 2 Steam FLow To ConpENSER FOR DIFFERENT GENERATOR 
Loaps Unper Bors CONDENSING AND EXTRACTION OPERA- 
TIon OF 50,000-Kw TuRBINE-GENERATOR aT AVON STEAM PLANT 
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Vic. 3) Opreratinc Cnaracteristics oF 50,000-Kw Turpine Gen- 
ERATOR AT AVON STEAM PLANT FoR VaRiIoUS ELEcTRIC AND ExTrac- 
TION Loap ConDITIONS 


165 psig. The evaporators were selected for a moderate tempera- 
ture head which varies both with the process steam load and the 
cleanliness of the evaporator coils. The extraction pressure is 
controlled by a feeler line connected to the 165-psig steam pipe to 
the oil refinery. Thus, although the nominal extraction pressure 
at the exhaust of the high-pressure turbine has been referred to as 
240 psig, actually this pressure varies automatically with the 
evaporator load as indicated in Fig. 4. This serves to hold the 
temperature head at a minimum, thereby reducing the inherent 
loss in cycle efficiency where a heat exchanger is interposed, in or- 
der to recover as*condensate the steam extracted from the high- 
pressure turbine. 
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Fic. 4 Process-Evaporator, OPERATING CHARACTERISTICS AT 


DirFERENT OutTPpUTS—AVON STEAM PLANT 


In view of the foregoing, the losses resulting from the use of a 
closed cycle are not as great as sometimes have been indicated. 
The only other alternative is to deliver the extracted steam from 
the ex}.aust of the high-pressure turbine directly to the oil refinery. 
This immediately introduces a major problem in controlling the 
chemical content of large quantities of raw make-up water which 
It is usually difficult to 
obtain condensate returns from the oil refinery which are free 
enough from oil contamination for satisfactory high-pressure 


must be fed to the high-pressure boilers. 


boiler feedwater. Therefore the added investment cost in water- 
conditioning equipment plus increased operating and mainte- 
nance costs will in some instances offset the theoretical gain in 
cycle efficiency. 

In eleetric systems such as ours, where an appreciable percent- 
age of the power output is generated from hydroelectric sources, 
there sometimes occur seasonal conditions wherein all or at least a 
considerable number of the steam plants must be operated at 
minimum load in order to prevent loss of water over the dams 
during periods of high run-off. As indicated in Fig. 5, the amount 
of process steam required by the refinery determines the mini- 
mum electric load which ean be carried by the turbine generator 
This 


minimum oecurs when the low-pressure-turbine control valves are 


when operating on a strictly automatic extraction cycle. 


closed so that the high-pressure turbine is functioning as a straight 
back-pressure machine with its load fixed by the amount of ex- 
In order 
t reduce the load below this minimum, it is necessary to by-pass 


traction steam being delivered to the evaporator coils, 


a portion of the steam requirements for the process evaporators 
around the turbine and through the reducing valves which are 
provided primarily for occasions when the turbine is shut down for 
overhaul. Obviously, there is considerable loss in efficiency when 
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400 


5 to note that, due to the base load which must be carried by the 
| | boilers in order to meet the demand for process steam, the loss of 


| one boiler, representing one third of the total boiler capacity, re- 
Se Ces Sel | aa sults in an electric-load reduction of more than 50 per cent. 
| Thus it is clear that it is desirable not only to carry some addi- 
tional reserve boiler capacity in order to offset the slightly lower 
| boiler availabilities with waste fuels, but it is also necessary to in- 
stall several small boilers rather than a lesser number of large 
- 


= 


J boilers, in order to avoid an excessive load reduction on the tur- 


100) bine generator when one boiler is out of service. 


REFINERY 


Heat Rare ror ELecrric GENERATION 


P re In Fig. 7 the estimated heat rate per kilowatthour of electric 
“oO — 5 12 6 20 24 generation has been plotted as a separate item by segregating the 
MINIMUM GENERATION - THOUSAND KW proportions of fuel chargeable, respectively, to the generation of 


»rocess steam and electricity. There are various methods of ecom- 
Fic. 5° Possrpie Loaps on 50,000-Kw Tursine Genera- h re various methods of com 


ToR FoR Various REFINERY Loaps WHEN OPERATING ON 


Avromatic Extraction -AVON STEAM PLANT 11600 
7 all or part of the steam supply for the evaporators is passed | 7 
: through the reducing valves, and these factors must be evaluated 10000 | 4t 
in determining the average cost of steam and electrie energy sup- JY 
plied to the oil refinery. On many power systems it may be feasi- &’ ? 
ble never to operate below the minimum load possible with full- 9000 LZ 2 tk 
automatic extraction, and therefore the only‘time when it will be 
necessary to use the reducing valves will be for the short’ periods = . 
during which the turbine is shut down for overhaul. z t 
One. of the problems requiring special consideration is the size 
; and number of boilers. Due to the burning of waste fuels the ‘ 
boiler availability is somewhat less than is possible with good ' 5 
; commercial fuels, and furthermore, the oil refinery cannot be éx- 7000 = I 
: pected to curtail or shut down its plant in order to permit the util- ” ‘ ’ 
: ity to carry on routine maintenance, Therefore special considera- ( 
tion must be given to this problem in the boiler layout. As indi- 6000 wt 
: cated by the curve in Fig. 6, there are three boilers per turbine, PLUS RE OUC VALVE|_ AUTOMATIC EX TRACTION ONLY _| | 
each having a continuous rated capacity of 200,000 Ib of steam per : 
= hr and an overload capacity of 230,000 Ib per hr. It is of interest see : : 
° 10. 20 30 40 50 
XIMUM [TURBINE/FLOW hic. 7 Heat Rate Bru per Kwur or Evectric GENERATION 
Arter Depuctine Required ror GENERATION OF 275,000 
600} BOILERS. Ls per Hr or Process Steam’-Avon Steam PLANT 
? 7 5 + puting the proper allocation based upon the initial premises which 
2 500 are set up; but for‘the purpose of establishing the curve in Fig. 7 
a it_ was decided to credit the total fuel consumption for both proc- d 
Ss ess steam and electricity with the amount of fuel that would ‘be 
4 eae Tee Gesans required to generate the contract demand for 275,000 lb per hr of, 
. - process steam in low-pressure boilers. Then the balance of the 1 
ee : total fuel used is all that is chargeable against electric generation. 
z | : It is fully realized that this method of allocating the fuel for 4 
| process steam and power ‘is debatable, but a study of other 
3 AUTOMA 1C_ EXTRACTION methods of arriving at a solution a breakdown of 
< | 275,000 LBS STEAM/ HR. the various components of the plant cycle led to the conclu-, 
+ 200}— Se sion that these also left much to be desired and involved more 
; : . complication than appeared to be justified for the present objec- 
J ° 
9 100 — BURNING OF Waste FUELS 
The physical and chemical characteristies of refinery-waste . 
‘ | H |" fuels are subject to considerable change from time to time, and 
0 10 20 30 a0 50 the fuel-burning equipment at the plant must be sufficiently 
° GENERATOR LOAD - THOUSAND KW flexible to anticipate such changes. The design of the boiler must 


also be such that fuels which are high in ash and sulphur may be 
burned with reasonable boiler availability. Some of these liquid- 
petroleum-base fuels present operating difficulties which are not 


ric.6 Borer Steam-FLow RequiReEMENTS FOR VARIOUS TURBINE- 
GENERATOR Loaps AND A REFINERY Ste«m Loap or 275,000 Lp Per 
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usually encountered with coal. Therefore the commercial as- 
pects of the contract must be worked out properly so that the 
extra handling and maintenance costs plus lower boiler availabil- 
ity associated with certain of these waste fuels will not penalize 
the utility in the cost of electric generation. 

The types of fuels burned differ somewhat in each of the three 
plants under consideration; and from time to time there have also 
been radical changes both in the type and quality of the fuels de- 
livered to any particular plant due to the changes in the manu- 
facturing programs at the respective refineries. To date the types 
of fuels which have been burned are given in Table 2. The analy- 
ses of these fuels are given in Table 3. 

TABLE 2 TYPES OF FUELS BURNED 
Martinez 
Recovered oil 
Cracked asphalt 
Heavy fuel oil 
High-sulphur fuel oil 


Commercial fuel oil 
Natural gas 


Avon Oleum 
Acid sludge 
Pitch 
Heavy fuel oil 
High-sulphur fuel oil 
Commercial fuel oil 

* Natural gas 


TABLES TYPICAL ANALYSES OF CRITICAL FUELS 
Per cent by weight 
Sulphur Ash 


Pulverized petroleum 
coke 

High-sulphur fuel oil 

Commercial fuel oil 

Natural gas 


Acid sludge 2.9-4.6 003-006 
Recovered oil. 6.0-9.0 0.01-0.09 

High-sulphur fuel oil. . : 3.0-4.6 0.08-0.14 
High-sulphur petroleum coke ° 4.0-4.2 0.51-0.84 


The curves in Fig. 8 show historically the types and quantities 
of each kind of fuel which have been burned at the Avon plant 
since it was started up in December, 1940. 
note that during the war years, large quantities of natural gas 
were burned as a result of a co-operative effort between the Pa- 


It is interesting to 


cific Gas and Eleetrie Company and the oil refineries on the one 
hand, and the United States Navy on the other hand, in order to 
make the maximum amount of fuel oil available for the Navy. 
Again, during the months of September, October, and November, 
1948, it became necessary to burn natural gas in order to keep our 
plants in operation during the Pacifie Coast oil-refinery strike. 
Our early experience with the burning of acid sludge resulted in 
rather low boiler availability owing to external fouling of the boiler 
heating surfaces; and because of combustion instability, sup- 
However, as a result of 
research on the part of the oil company, changes were made in its 


porting gas or oil pilot fires must be-used. 


equipment and processes so that the modified acid sludge could 
be burned with fairly high boiler availability. Due to the high 
water content, it must not be heated much above 190 F in order to 
avoid a boilover in the heated storage tanks, and this temperature 
is satisfactory at the burners. 

The problem of burning pitch or cracked asphalt is confined 
merely to maintaining its temperature at the burners at approxi- 
mately 400 F in order to obtain a satisfactory viscosity for burn- 
ing it under the boilers. At ordinary temperatures it is in the 
solid state, and therefore considerable care must be exercised in 
seeing that the temperature of this material is never allowed to go 
too low. This is accomplished by means of steam tracer lines 
bound to the fyel lines and surrounded by insulation. Other than 
this, it has proved to be a fairly acceptable fuel which can be 
burned almost as satisfactorily as the commercial grade of fuel oil 
derived from the same crude, although it is somewhat higher in 
ash content and therefore will produce slightly more deposits on 
the boiler heating surfaces than will the fuel oil. 

So-called “recovered oil” is the end product after extracting a 
large percentage of the sulphuric acid present in acid sludges re- 
sulting from the manufacture of lubricating oil. Both acid sludge 
and recovered oil are highly corrosive, and the products of com- 
bustion are very corrosive at temperatures which normally would 
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exist in the air preheater of the boiler. All fuels with high sulphur 
contents such as acid sludge, recovered oil, high-sulphur fuel oil or 
coke, and the like, make it necessary to provide for partly by-pass- 
ing the air preheater so that the exit-gas temperature can be held 
above the dew point. The effect of the presence of sulphur, o1 
rather of sulphur trioxide, upon the dew point of the exit gases is 
fairly well understood, and it is necessary, in order to avoid air 
preheater corrosion, to maintain these temperatures in general 
conformity with the curves shown in Fig. 9 as the sulphur con- 
tent in the fuel increases. This results in an appreciable reduction 
in boiler efficiency which should be taken into account in working 


out the commercial details of the contract. 


Hicu-Sutpaur anv PerroLeum 


Certain so-called high-sulphur fuel oils and petroleum cokes 
‘require special consideration in order to be able to burn them with 
reasonable boiler availability and maintenance costs. The par- 
ticular fuel oil referred to here has the sulphur and ash contents 
shown in Table 3. The degree of external fouling of the boiler 
heating surfaces appears to be influenced by the combination of 
both the high sulphur and ash contents. It is not felt that the 
presence of high sulphur by itself would result in appreciable foul- 
ing, but it also has been fairly well demonstrated that, in the 
presence of a high ash content, the combination will produce a bad 
fouling problem. 
exists which results in maximum deposits on the heating surfaces 


In certain temperature zones, a binding action 
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Fic. 9 Muintmum Sare Fiue-Gas TeMPERATURES FOR VARIOUS PER- 
CENTAGES OF SuLPHUR IN O1L IN: ORDER TO Avorp AIR- 
PREHEATER CORROSION 


in that area. The mechanism by which deposits are formed on 4 
heating surface has to do primarily with the fusion and seftening 
points of the ash. Deposits will occur largely in those parts of the 


boiler where the gas envelope surrounding the tube is within ap- . 


proximately 200 deg F of the softening point of the ash. The 
other critical zone is at temperatures near or below the dew point 
of the flue gases, where corrosion of the metal also takes place and 
further aggravates the fouling problem. 

The characteristic of the ash content in high-sulphur fuel oil 
produces a fouling problem which is quite different from that 
usually experienced with coal, owing to the fact that the fusiorr 
point of the ash is in the neighborhood of 1600 F. As may be seen 
from the schematic cross section of the heating surfaces of the 
‘boiler shown in Fig. 11, this temperature zone lies in the first bank 
of superheater tubes. With coals, thé fusion point of the ash is 
frequently well above 2200 F, which fixes the fouling zone in the 
boiler-generating tubes. In such instances, it is possible to con- 
trol to a very large extent the whole problem of fouling by going 
to a low-heat-release furnace, so that the temperature of the gases 
leaving the furnace are for the most part beldw the softening 
point of theash. The boiler and superheater tubes for coal-firing 
are widely spaced in order to provide low velocities for the gases 
of combustion, which appears to be helpful in preventing the fly 
ash from depositing on the tubes, and also because the mechani- 
cal strength of coal slags is usually greater than that from 
petroleum-base fuels, thereby increasing the tendency to bridge 
across between tubes. 

In connection with the firing of high-sulphur fuel oil and petro- 
leum coke, interesting proof of the sharply defined temperature 
conditions which control deposits on boiler heating surfaces was 
obtained by fanning out the first bank of superheater tubes so 


* that the spacing at the bottom was increased from 3!/2- to 4/2-in. 


centers for 2'/:-in-OD tubes. This was accomplished simply by 
inserting 2-in. spacers between the lower ends of the tubes, thus 
increasing the clear space between tubes from 1to2in. Actually, 
with only 1 in. of clear space, some of the tubes were much closer 


than this, or even touching one another due to warpage. The 
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Fic. 10 Mernop or Fanninc-Ovur BoiLer SuPERHEATER TUBES TO 
INcREASE CLEAR Space Between Tuses—OLeum STeamM PLANT 
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11) Temperature Grapient or Gases BErore AND AF- 
TER FANNING OvuT SUPERHEATER TuBEs, a8 SHOWN IN Fic. 10 


method of accomplishing this is illustrated in Fig. 10, and the 
effect on the temperature gradient of the flue gases is shown in 
Fig. 11. 

Before making the change just mentioned, in the superheater- 


‘tube spacing, the fouling zone was concentrated initially in the 


first bank of the superheater, and as the deposits continued to 
build up, the temperatures ultimately were raised in the second 
bank to the point where fouling would commence in that zone. 
The tubes were so closely spaced that effective soat-blowing was 


| 

| 7 
| 


impossible. However, after fanning them out, the amount of foul- 
ing in the first bank and the first three rows of the second bank was 
materially reduced, and it was possible to keep these tubes clean 
by means of soot-blowing. There was some increase in the 
amount of deposits in the last few rows of the second bank. It 


has been concluded that this is due to lack of penetration of ae 1998 


soot blowers. It is anticipated that installation of additional — 
blowers between the second and third superheater banks will re- _ 


move these deposits. 

: Increasing the spacing by the method described was seeonaalll 
ered as an experiment in order to determine the optimum spacing 
of the superheater tubes. However, such a noticeable improve- 7 
ment in the operating periods between cleanings was obtained at 
nominal expense that nine of the twelve boilers in the three plants 
are in the process of being changed in a similar manner. The 
other three boilers, which are designed for coke-firing as well as 
fuel oil, are to undergo a more radical change in superheater-tube 
spacing as a further experiment. The conclusion to be drawn 
from the foregoing experiment appears to be that soot-blowing 
can be made effective for these special fuels if the optimum spacing 
of the superheater tubes is predicted correctly. From this opti- 
mum point, the indications are that the effectiveness of the blow- 
ers will decrease either for narrower or wider spacing. 

Additional problems were encountered in the furnace owing to 
the particular kind of ash found to be present in either the high- 
sulphur fuel oil or coke derived from the same crude stock. From 
the analysis of the ash given in Table 4, it can be seen that appre- 
ciable quantities of vanadium and nickel are present, and that the 


TABLE 4 ANALYSIS OF ASITIN PETROLEUM COKE 


Substance Per cent by weight 


(1) SiO» 7.9 

(4) CaO 1.3 

(5) MgO ° 3.0 

(6) 0.3 

(7) NiO 10.5 

(8) SOs.. 20.9 

(9) V2O5... 20.9 

10) NazsO 23.4 
Total of items 7-8 9-10 84.7 


-total of NiO, SO;, V205, and Na,O represents nearly 85 per cent of 
the entire sample. The presence of these compounds introduced a 
phenomenon of furnace-wall growth which eventually progressed 
to a point where the expansion spaces at the corners of the furnace 
walls were completely taken up, thereby setting up very heavy 
stresses which in turn resulted in serious distortion of the steel 
members between the buck stays and the furnace walls. This 
condition was first observed after a period during which approxi- 
mately 25,000 tons of petroleum coke had been burned. 

The furnace walls consist of waterwall tubes which are studded 
and faced with plastic chrome ore. In the process of combustion, 
sulphates and vanadates of the alkalies are formed; and these ap- 
pear to have a strong affinity for the chrome ore and penetrate the 
pores and cracks which occur during successive cooling and heat- 
ing of the furnace. Under such temperature reversals these com- 
pounds pass back and forth from the solid to the liquid state, 
thereby penetrating the chrome ore with resultant growth in vol- 
ume. The coefficient of expansion of the slag is greater than that 
of the chrome ore, and the combination produces a very dense 
mass.which brings about a progressive growth of the entire wall. 
The resultant mechanical forces which are set up are sufficient to 
force the water-wall tubes to spread further apart until all the ex- 
pansion space in the corners of the furnace walls has been taken 
up. This condition has been overcome by the addition of more-tie 
bars for holding the waterwall tubes in place, and the substitution 
of a different type of refractory facing for the tubes. 

In Table 5 is shown‘a rough correlation between the proportion 
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LE 5 PROPORTION OF CRITICAL FUELS BURNED, COM- 
SD WITH AVERAGE NUMBER OF BOILER SHUTDOWNS 
t{ YEAR FOR EXTERNAL CLEANING OF HEATING SURFACES 


Proportion of 
critical fuels 
burned, per 


Average number 
of cleaning 
outages per 


Year Station cent of total year per boiler 
( Avon 45 2.7 
= Martinez 69 2.7 
(Oleum 59 1.7 
Avon 66 4.0 
1947 < Martinez 73 3.0 
Oleum 78 
Avon 92 3.0 
1946 ~ Martinez 70 2.7 
= \ Avon i8 1.7 
1945 Martinez 17 1.7 
(Oleum 14 1.2 


Nore: The number of cleaning outages in the last column includes the 
regular annual overhaul and inspection. 


of critical fuels burned and the average number of boiler shut- 
downs per year for external washing of the heating surfaces. It 
ean be noted that, during 1945, on account of the war, much 
smaller percentages of critical fuels were burned, and the average 
number of cleaning outages was the lowest during the 4 years 
shown in the tabulation. However, due to the improvements 
which are being made in overcoming the problem of deposits, 
boiler availabilities increased during 1948. 

This problem of burning special types of fuels has been treated 
at some length because it has to do with one of the major points 
of difference between a conventional plant and the semi-industrial 
type which is the subject of this paper. On the other hand, the 
data which have been presented clearly show that, although the 
problem should not be underestimated in entering upon a joint 
undertaking of this nature, waste fuels can be burned with reasona- 
ble boiler availability, and that operating experience has brought 
to light the possibility of boiler-design modifications and improved 
soot-blowing techniques, which should bring these availabilities 
still closer to what can be obtained with commercial grades of fuel. 


Raw-WaATER 


The large’quant ities of raw water required for the process evapo- 
rators are supplied from a slough in the San Joaquin River about 
10 miles north of the Avon steam plant. However, due to 2 com- 
bination of tidal conditions and seasonal variations in river flow, 
the salt water from San Francisco Bay tends to back up in the 
river and the salinity of the water becomes prohibitive at certain 
seasons of the year. Shortly after the Avon station was started 
up, an alternate supply became available from the Contra Costa 
Canal which is an irrigation project of the United States Bureau of 
Reclamation. The source of this canal is located at a higher point 
up the San Joaquin River, but conditions are such that, at certain 
seasons of the year, the salinity from Mallard Slough is less than 
that which prevails in the Contra Costa Canal, and it has been 
found desirable to switch from one source to the other during the 
year, as indicated in Fig. 12. The chemical conditioning of this 
raw water for evaporation involves a formidable treating plant 
which is illustrated in Fig. 13. The average analyses of the raw 
water are given for both Mallard Slough and the Contra Costa 
Canal and the analyses at various points in the treating cycle are 
also given. 

The problem of preparing the raw water for evaporation with- 
out carry-over and consequent contamination of the entire system 
is of major importance. However, it is felt that this is a subject 
which does not stand out as peculiar to this type of plant, except 
with respect to the very large quantities of water to be handled. 
Therefore the matter will not be elaborated here in such detail as 
has been the case with the special problems directly related to thi 


type of station. 
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300) = MALLARD SLOUGH CONTRA COSTA 
nl 4 CANAL~» Vey H An attempt has been made to point out and evaluate the special 
3 problems which enter into the design and operation of a plant of 
109 a yy ee Oe 7 this type. The advantages that are inherent in such a joint under- 
6) ] taking should be obvious, but it is possible to wipe out a large 
“00 proportion of these benefits by the failure to give proper weight ot 
° to the various factors involved. It is therefore hoped that the 2 
ag ; : somewhat detailed analysis of the more important problems ven 
Z 200 i , which have been set forth in this paper will be helpful in develop- it 
4100 ing a sound basis for making a reflistic appraisal of any such rt 
5 similar undertaking which might come up for consideration in 
the future. 
400 
Discussion 
a 
& 200 F. S. Cummines.* This paper is of particular interest on two = 
3 
= 1 It gives operating results of a modern high-pressure public- 
- on utility generating plant, operating in conjunction with a large 
5 industrial plant, requiring both electric energy and large quanti- 
a ties of moderately high-pressure steam for process work. 
5 2 It covers what is believed to be the first published informa- 
8 tion on the problems of burning, under’ modern high-pressure 
= boilers, practically all of the waste produc ts from a modern oil 
refinery. 
: In the last 25 or 30 years there have been many industrial 


plants built to supply process steam and electric energy for plant 
‘uses. Sometimes these plants operate as independent units, and 


i948 


sometimes they operate in parallel with a public-utility system to 
better take care of any unbalance in electric and steam require- 
ments of the industry. However, there have been relatively few 
F public-utility plants built for the express purpose not only of 
Fic. 12) Hisroricat Recorp or Sauiniry or Raw-Warer Sources supplying electric energy to the utility distribution system, but 


FOR AVON AND MARTINEZ STEAM PLANTS 
Vertical arrows indicate time of change over from one source of supply to the Vice-President and Chief Engineer, C. C. Moore & Company, 


other.) i Engineers, San Francisco, Calif. Mem. ASME. 
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PRECIP!-| FILTER | EFFLUENT) ZEOLITE [EFFLUENT] AFTER |DEAERATOR 
TATOR BEFORE | AFTER | BEFORE | AFTER | DECARB. | EFFLUENT : 
EFFLUENT |ACID FEED |ACID FEED] ACID FEED| ACID FEED] AND PO, ‘ 
|TURBIDITY- PPm | 18-71 0-10 0 0 0) 
| Nac - » | 20-140] 20-140 | 20-140 | 20-140 | 20-180 | 20-I40°] 20-140 | 20-140 
SSJTOTAL H- » | 25-45 42-46 0 0 0 
ALK. - » 0 25-30 | 25-30 0 0-10 | 15-2 ‘ 
SH|MALK. - » 35-45 | 45-50 | 40-45 12-17 14-19 10-15 14-19 20-35 . a 
pH . |10.3-10.5] 10.5 |7.1-7-3 | 8.0-9.0 | ©-1-6.5 | 8.0-9.0 | 9.3-9.8 
\TOTAL SOLIDS | 150-350 }150-350 | 140-300 | 140-300 | 140-300 | 140-300 | 140-300 | 140-300 : : 
(TURBIDITY 0-80} 0-10 0 0 (CO,}+-Tr. -3 6) 
2 |Nacl - » | 55-380] 55-380 | 55-380 | 55-380 | 55-380 | 55-380} 55-380 | 55-380 
S2|TOTAL H- » | 140-350 90-142 0 0 o | Oo 
ALK. 0-0.3| 55-30 | 52-25 0 0-7 0-8 | 20-15 
eS|MALK. - » | 115-190}100-45 | 95-35 | 30-15 | 28-13 | 20-10 | 30-15 | 35-20 
8-1-8.3 | 10.3-10.5 |10.3- 10.5] 7.3-7.9 | 7.5-8.3 | 6.5-7-8 | 8.1-8.3 | 9.0-9.3 
+O (TOTAL SOLIDS | 150-570] 150-570 | 150-550 | 150-550 | 150-550 | 150-550 | 150:550 | 150-550 
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also to supply electric energy and steam for an adjoining indus- 
trial plant. Further, there have been still fewer such plants 
built to operate at high pressures and temperatures. 

As pointed out in the paper, both the utility and the industry 
can gain much by such a tie. The advantages to be gained are so 
many that future planners should consider them seriously. 
Probably one of the more important reasons for a utility being 
reluctant to tie in with an industrial plant has been the fear on the 
part 6f the utility that it would lose some of its flexibility in the 
generation of electric power which of course is its basic reason 
fdr existence. The plants discussed in the paper have been in 
operation for a number of years, and the operation has given 
ample proof that there need be no serious difficulties. 

Until perhaps the last 15 or 20 years, fuel oi] was considered to 
be perhaps the most ideal of fuels. Compared to the use of coal 
and other fuels, boiler outage was relatively low, maintenance 
was also relatively low, the elimination of expensive storage, 
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handling, and burning equipment meant lower first cost, and 
operation was generally more flexible. 
more recent years, 


All of this has changed in 
The change in quality of fuel oil available 
during the war years, and changes in refining methods, have 
created many new problems for the boiler designer and operator 
problems which are not always solved by referring to experience 
in burning coal. Years ago oil-fired boilers were relatively small, 
of comparatively low pressure, and ran at moderate ratings. 
Central-station boilers today are of large capacity, high pressure 
and temperature, and operate at high ratings. These factors have 
mereased the problems confronting the designer and operator. 

On the West Coast the quality of fuel oil also has deteriorated 
because of the decreasing supply of crude, which has necessitated 
an increased use of crudes which are relatively high in impurities. 
These impurities are sulphur and sometimes small quantities of 
rare metal oxides which have a peculiar action on the ash which is 
in the fuel. While fuel oils themselves many times have these 
troublesome characteristics, 
the various types of waste 
fuels, burned in the three 
plants under discussion, pro- 
duce aggravated difficulties 


» 


I 
SUPERHEATER 
TEAM OUTLET 
ene: 
ECONOMIZER 


s because of the higher percen- 
Nh tage of impurities. 

It is most interesting to 
that boiler and plant 
design has been that 
even the worst of the waste 
fuels have been handled with 
some considerable 
The operating 
gained has been most valu- 
able in the design and opera- 
tion of new units; it is by 
studying the operating diffi- 
culties encountered that fu- 
ture plants can be built with 
. increased reliability equal to 


note 


such 


success. 


experience 


the best of modern coal-burn- 
ing plants. 
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F. X. Gua.‘ It 


of interest 


may be 


to show a 
section through the steam- 
generating units which were 
installed as part of the 


cTOss 


— 68-5" 


. Oleum, Avon, and Martinez 
projects, described by the 
author. 

. Fig. 14 herewith shows «a 
cross section through the 

| boilers which are radiant- 

type single-pass gas flow, de- 

signed to generate 200,000 Ib 

’ of steam per hr continuously 
—= O j | at 1450 psi and 950 F at the 


outlet of the 
Final steam temperature is 


superheater. 


| 


controlled by means of a gas 


super- 
of the 
boiler, the quantity of gas 


heater at one side 


by-pass around the 


2 
Le ‘ Application Engineer, The 
Babcock & Wilcox Company, 
hig. 14 Cross Section as at Oveum, Avon, AnD New York, N. Y. Mem. 
Martinez Stations ASME. 
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by-passed being controlled by dampers located in the cooler zone 
under-the economizer. 

The furnaces are completely water-cooled and designed to 
accommodate oil, gas, or pulverized fuel. 

The economizer is of the continuous-tube type and extends 
across the full width of the setting including the superheater by- 
pass area. 

A cold-air by-pass is provided in the tubular air heater so that 


the tube-metal temperature can be raised to minimize corrosion . 


when burning high-sulphur fuels. 

The boilers‘are installed outdoors with just a protecting roof 
over them. 

As pointed out by the author, experience gained on these units 
burning refinery-waste fuels has been helpful in designing later 
units so that the superheater surfaces do not foul up as quic¢kly 
and can be cleaned by soot blowers in service. As can be seen 
from the temperatures in Fig. 11 of the paper, it is more com- 
plicated than simply providing more space between superheater 
tubes, because the absorption decreases with wider spacing, 
resulting in higher gas-temperature levels in the subsequent banks 


of superheater tubes and the possibility of transferring the * 


troublesome area. It is to be noted that after fanning the lower 
ends of the first-bank superheater tubes so that the clear space was 
2 in. instead of 1 in. between tubes, the temperature of the gases 
entering the second bank of superheater tubes increased from 
1450 F to 1580 F. However, indications are that the wider spac- 
ing resulted in less plugging of the first bank of superheater tubes, 
which was so troublesome from the beginning. 


F.G. Puito’ Experience obtained in burning natural gas and 
high-impurity fuel oils in large quantities at the Long Beach 
Steam Station, through evolution, has led to a number of boiler- 
design, operating, and maintenance betterments which are in- 
corporated in the -boiler installation of the Redondo Steam 
Station which was placed in service late in February, 1948. In 
connection with the present paper it may be helpful to mention 
several of these improvements. The more important changes are 


as follows: 


1 Elimination of all gas baffles. 

2 Graded spacing of furnace screen, superheater and econo- 
mizer tubes. 

3 Watertight acid-resistant sloping floor and hopper beneath 
superheaters, economizers, und air preheaters to facilitate water 
washing. 

4 Downflow of gases through economizer and air preheater. 

5 Permanent provision to collect and conduct wash water 
with dissolved and other solids to a point of convenient dis- 


posal. 


In a general way, with high-impurity fuel oils, including rather 

high sulphur content, such as Pacific Coast 400 or Bunker C, the 
boiler, superheater, economizer, and air-preheater surfaces 
operate within a very wide range and number of gradations of 
skin temperatures (on the surfaces of deposits especially) and 
function quite effectively as fractionating condensers. 
_ Most of the impurities enter the boiler passages in the vapor or 
gas phase and tend to deposit throughout the heat-transfer sys- 
tem wherever temperature and moisture conditions are favorable 
for deposit. The situation to a large degree may be likened to the 
changing nature of deposits often found in successive stages of a 
steam turbine due to carry-over of solids from the boiler. 


Referring to the accompanying, sectional outline of one of the ° 


Redondo boilers, Fig. 15, the changes previously itemized will be 
noted as follows: 


* Chief Mechanical Engineer, Southern California Edison Com- 
pany, Los Angeles, Calif. Mem. ASME. : 
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TABLE 6 TUBE SPACINGS 
Space between 


No. rows Tube - tubes,*in. 
Location “deep - OD, in. Across Deep 
Secondary superheater............. 3. 2'/: 
Secondary superheater............. 5 24/4 21/4 
Primary 2nd section superheater.... 8 21/2 1 
Primary Ist section superheater..... 10 2'/3 1 1s 
Economizer 2nd section............ 21 21/3 2 1'/3 
Economizer Ist section............. 20 2 1'/; 


1 Elimination of all gas baffles facilitates water washing; 
certain areas may be washed both from front and back. 

2 The lateral and ‘‘front to back’’ tube spacings are as given 
in Table 6 herewith. ‘ : 

Gradation of cross spacing between tubes has prevented ap- 
precizble increase of draft loss due to fouling. ’ 

Although, at the time of installation, the boilers were equipped 
with the latest design of retractable mass-action s6ot blowers, 
deposits do adhere to the various heating surfaces and cause a 
gradual but slow reduction in the range of superheater control. 

The greatest deposits occur on the surfaces of the économizer 
tubes. This particular deposit is rather loose and soft and, for- 
tunately, is highly soluble and easily removed with a generous 
stream of water slushed over the top row of tubes in each of the 
two tube banks of the economizer. This is done with a very low 
fire and can be completed in a period of about 2 hr “‘off-line’”’ at 
full boiler pressure. 

3-4-5-Watertight, acid-resisting floors and soot hoppers, down- 
flow of, the gases and wash water in the economizers and air pre- 
heaters, and washing toward the cold end of the economizers and 
the air preheaters, especially in the case of the air preheater, 
combine to wash deposits out of the preheater instead of through 
the air preheater. : 

To those unacquainted with the problem of deposits from rela- 
tively high-ash and sulphur fuel oils; it may be of interest to 
know of the quite effective cleaning job that may be accomplished 
by the occasional use of natural gas for several days, as a cleaning 
agent for surfaces fouled by noncombustible residues from fuel 
oil. Where limited amounts of natural gas are availablé in oil- 
burning plants, it has been found good practice to rotate or 
alternate the firing of gas and oil. The reasons for the cleaning 
effeet of gas are still‘undetermined. ‘ 

Operation with regenerative air preheaters to alate has been 
encouraging as most of the troubles previously experienced with 
the older tubular air-preheater deposits have-not been encoun- 
tered. It is felt that a great deal of the corrosion and deposits 
difficulties previously experienced with the tubular air preheaters 
was chargeable to uneven distribution of air and gas flow around 
and through the individual tubes. Scott Jensen® has surveyed 
the pattern of gas temperatures from the individual tubes of large 
preheaters at the Long Beach Steam Station which were in- 
stalled in 1928-1930. Corrections of local flow rates in the pre- 
heaters have raised the lower local gas temperatures sufficiently 
to mitigate corrosion greatly and also plugging by deposits on the 
cold ends of the air preheater tubes. 

The writer feels that the problem of oil-ash residues has not 
received its warranted study by the boiler and soot-blower 
manufacturers. Intensive study of this important problem is 
suggested as it is reasonable to expect increasing troubles with 
higher concentrations of oil-impurity residues anticipated from 
fuel oils produced by improved refinery processes of the future. 


W.F. Ryan.’ The advantages of co-operation between process 


‘Steam Plant Engineer, Southern California Edison Company, 
Los Angeles, Calif. Mem. ASME. - 
7 Engineering Manager, Stone & Webster Engineering Corporation, 
Boston, Mass. Fellow ASME. = 
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Cross Section THroucu STEAM GENERATOR AT ReEDONDO STATION OF THE SOUTHERN CALIFORNIA Epison CoMPANY 
(Maximum capacity 400,000 Ib of steam per hr; design pressure 1000 psi; total steam temperature 900 F.) 
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industries and public utilities for wholesale generation of electric 
power have never been better stated than by the author iti this 
paper. If these advantages were more widely comprehended, an 
appreciable portion of steam-generated power in this country 
might be derived from plants like those describéd in the paper, 


with benefit to the national economy from availability of lower- - 


cost electric power, lower-cost process steam, and conservation of 
our fuel resources. As the author points out, the advantages of 
the setup should be equitably divided between the utility and the 
manufacturer. An equitable arrangement is not always easy to 
arrive at, and it is even less easy to convince both parties that the 
Nevertheless, 
meticulous and patient appraisal of each detail will be well-re- 
warded whenever the asic conditions are favorable for such an 
enterprise. 


arrangement is equally advantageous to each. 


When these plants were built, the pressures and temperatures 
selected were probably regarded as the maxima commercially 
practicable. There should be no obstacle, in the design of future 
plants, to the use of higher pressures and temperatures. Cer- 
‘tainly, if higher pressures and temperatures can be justified for 
the straight-condensing units in the normal utility plant, there 
is much greater justification in plants such as these when a sub- 
stantial portion of the output is generated with a back pressure 
in excess of 200 psi. Raising the pressure from 1500 to 2500 psi, 
and the temperature from 940 F to 1050 F increases the energy 
potential about 8.5 per cent, with 1.5 in. Hg back pressure, but 
the corresponding increase, with a back pressure of 240 psi, ts 
over 31 per cent. The.yield of “by-product” power is corre- 
spondingly increased. 

Further increase in the yield of by-product power could be 
effected by interposing a desuperheating heater in the extracted- 
steam connection between the turbine and the evaporators. 
The author does not indicate the temperature of the extracted 
steam, but with a throttle temperature of 940 F, the amount of 
superheat at 200-240 psi must be substantial. It has been shown 
by Cross and Wells’ that the use of the feedwater to desuperheat 
this steam before it enters the evaporator provides an increase in 
the yield of by-product out of all proportion to the cost of the 
Simple equipment required. For the steam conditions at the 
Pacific Gas & Electric Company plants, the increase would be 
about 8.0 per cent. 7 

With 2500 psi initial pressure, reheat would be desirable for-the 
condensing part of the cycle. With this reheat taking place at 
about 470 psi, the combined effect of higher pressure,:reheat, and 
the interposition of a desuperheating heater in the extraction line 
would increase the yield of by-product power by more than 48 
per cent. This larger noncondensing operation probably would 
justify the use of turbine-generators of 60,000 to 80,000 kw, which 
might be more suitable for large power systems such as that of 
P.G. & E. 

These thermodynamic considerations are well-known, and 
relatively unimportant in comparison with the business aspects of 
this kind of undertaking, and the practical operating results 
which are so ably reported in this paper. We are greatly indebted 
to the author and to the Pacific Gas and Electric Company for 
making these data public. It is hoped that this report.may in- 
spire other utilities and other process industries to develop like 
opportunities to the advantage of themselves, and to the bene- 
fit of the public which ultimately profits both from lower costs of 
power and lower costs of processed products. : 

H. G. Turevscner.’ A significant fact is the foresight shown 


“An [Improved System in the Application of Noncondensing or 
Extraction Turbines,"’ by H. W. Cross and EF. 8. Wells, Jr., Trans. 
ASME, vol. 62, 1940, pp. 37-40. 

* Resident Engineer, Combustion Eengineering-Superheater, Ine., 
New York, N. Y. Mem. -ASMFE. 
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by the designers of the station described in selecting a steam pres- 
sure of 1500 psi and 940 F 12 years ago when that temperature 
was not at all common, even in central-station practice. This 
selection of steam conditions leaves the utility in an attractive 
position today should it ever become necessary to operate these 
plants as electric-generating stations only. 

Fig. 3 of the paper indicates a throttle flow of 680,000 Ib per hr 


* for 50,000-kw turbine load and a refinery flow of 275,000 Ib of 


steam per hr. For the steam conditions selected and with a 
straight regenerative cycle and 4 stages of extraction, we might 
expect a throttle flow of 450,000 Ib for 50,000-kw turbine load. 
The difference between this figure and the 680,000 Ib of steam 
provided, or 230,000 Ib per hr, represents a considerable addi- 
tional investment in the cost of the boiler plant. 

Other major items which make the plant cost more than a 
conventional electric-generating station are the turbine-gener- 
ator, process-steam evaporators, process-steam 
water-purification plant. : 

No doubt these factors were taken into consideration when 
figuring the charge for process steam and electric energy. As an 
offset to the additional fixed charges imposed by these items, it is 
to be noted that the heat rate per net kilowatthour generated 
averages much less than that of a conventionab plant. 

The oil industry generally practices the policy of writing off its 
investment in new equipment in a few years compared to utility 
practice of, say, 30 years. 


piping, and 


It would be interesting to know 
whether a quick write-off of the extra investment-involved iti this 
plant, compared to a conventional generating plant, was figured in 
arriving at the charges to be made for the products supplied to the 
refinery. 


P. H. Woops.’ It has been both « pleasure and a privilege to 
have participated from its inéeption in the development of the 
arrangement for supply of steam and electric power by the 
Pacific Gas and Electric Company to the oil companies as de- 
scribed in this paper. The author has outlined the principal fea- 
tures of the contract and of the technical problems encountered in 
the operation of the steam plants. Therefore the writer will 
limit his comments to the arrangement as ‘seen from the oil-com- 
pany point of view. 

In the 8'/. years that have eiapsed since utilities were first 
supplied to us by the Avon Steam Plant, Tide Water Associated 
Oil Company has hadi little reason to regret eptering into the 
contract. The oil compafy is in the business of making petroleum 
products, and we have been quite happy to leave generation of 
power in the hands of the utility 
in. 


that is, the business they are 


At the time the present arrangement was first suggested, 
Associated was in the midst of a major plant expansion which 
included enlargement of our steam-generating facilities. We had, 
in fact, entered into a contract for construction of a new 850-psi- 
pressure boiler plant and were seriously considering ingtat'ation 
of electric-generating facilities as well. Fortunately, as we see it 
now, the suggestion came early enough in our program to permit 
cancellation of our boiler-construction contract and to switeh to 


- the present setup. 


Before the Avon Steam Plant was built, “Associated generated 
all of its own steam, partly at 150 psi pressure, anc partly at 250 
psi, and purchased electric energy from the utility through a 
single substation at 2400 volts. Now we take delivery of steam at 


165 psi pressure with some superheat, and receive electric power 


through three substations. The old 150-psi boilers have been out 
of service for some years, as the contract maximum on steam 
gives us a comfortable margin over actual demand. The arrange- 


10 Chief Engineer, Tide Water Associated Oil Company, Associated, 
Calif. Mem. ASME. 
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ment has encouraged us to electrify new construction for the 
sake of economy in operating costs,and in many cases has enabled 
us to replace old steam-driven units with electric drives at sub- 
stantial savings. 

Economies have accrued in another direction as well. For- 
merly we burned sludges and other wastes in a disposal furnace. 
These noncommercial products are now turned over to the 
utility in part payment for energy. Some conditioning of these 
fuels is necessary, but generally this can be accomplished by 
minor modifications in the manufacturing process. Refinery 
operating personnel works in close co-operation with steam-plant. 
operators as to characteristics of this type of fuel. 

Reliability of supply of electric energy to the refinery has been 
.improved materially. Our second and third substations are fed 
directly from the steam plant 12*kv bus, and interruptions to 
this supply are rarities. This factor is important to us, as process 
units built since 1940 are much more complex than older units, 
therefore more difficult to get back on stream after a power in- 
terruption, and shutdown time is expensive. 

In normal steam-plant operation, three evaporators are on- 
stream to supply the refinery steam load. Fouling requires that 
At such 
times, when availability is down one third, Associated supplies 
the difference from its 250-psi system. 


they be-taken down, one at a time, for periodic cleaning. 


This second refinery 
steam system is necessary for process reasons and was in existence 
prior to the time the steam-plant studies were begun. For 
several reasons, both process wise and economic, no attempt was 
made to incorporate a 250-psi steam source into the steam-plant 
design. 


“Ac THOR’s CLOSURE 


The author is very much indebted to all of those who have pre- 
s. It is felt that all of the remarks are 
timely and constructive, and have added materially to the value 
of this paper. It is interesting to note the great amount of in- 
terest displayed in the subject -of external fouling of boiler heat- 


sented written discussions. 


ing surfaces. 

The observation by Mr. Cummings, to the effect that the prob- 
lems encountered in burning present-day fuel oil are not-always 
solved by referring to experience in burning coal, has been well 
substantiated by the experiences of plants on the eastern sea- 
board which have recently changed from. coal to fuel-oil firing 
Such plants, originally designed for firing with coal, have changed 
to fuel oil because of the availability of the latter fuel at competi- 
tive prices. In some instances the resulting boiler availabilities 
have been reduged below that which is obtained on the Pacific 
Coast with the similar types of fuel oil. This is partly due to the 
fact that, when firiig with fuel oil, deposits tend to build up in the 
first superheater bank which, in a boiler designed for coal firing, 
sometimes consists of 48 many as 12 or 14 rows of tubes, thus mak- 
As 
has already been pointed out, slag deposits do not usually occur 
in this zone when firing coal due to the usually much higher fu- 
sion point of the ash. 
be obtained on superheater banks deeper than about six or eight 
rows of tubes. Satisfactory penetration is obtained by blowing 
from both the front and back of such banks with mass type 
blowers. 


| ing it impossible to obtain effective soot-blower penetration. 


Effective results from soot blowing cannot 


With reference to the last paragraph of Mr. Gilg’s discussion, 
it is important to emphasize that the one inch clear space be- 
tween tubes in the first superheater bank cannot consistently be 
maintained due to a certain amount of warpage which takes 
place in this temperature zone, thereby producing a very serious 
obstruction to the path of the gases and making it almost im- 
possible to obtain effective soot-blower penetration. 
tion‘of one of the boilers cluded as Fig. 14 in Mr. Gilg’s dis- 
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cussion, and by comparing this with Section AA or BB in Fig. 10 
representing the lateral spacing of the tubes in the first super- 
heater banks, it will be noted that there are three rows of rela- 
tively wide-spaced tubes at the front of this bank. This arrange- 
ment provides a clear space of 3 in. between these tubes, but 
tends to reduce the effective penetration of the soot blowers 
through the more closely spaced tubes because of the interference — 
of these first three rows, which also have the effect of keeping the 
soot blowers further away from the close-spaced rows. Thus the 
wide-spaced rows, particularly in view of the fact that they are 
staggered, appear to do more harm than good from the stand- 
point of fouling of the heating surfaces. 

As an experiment on one boiler, the first two staggered rows of 
wide-spaced tubes have been moved back into line with the third 
row, thus having the effect of adding one more close-spaced row in 
place of the three wide-spaced rows, and making it possible to 
move the soot blowers a distance of approximately 10 in. closer to 
the close-spaced rows in that bank. This is very important from 
the standpoint of effective soot-blower penetration, and there is- 
every indication that this modified tube arrangement, plus 2 in. 
clear space between the tubes and the proper installation of mass 
blowers, will make it possible to keep this first superheater bank 
clean for considerably longer periods of time. It has also been 
demonstrated that the effectiveness of mass-type blowers can be 
greatly increased by the addition of specific quantities of water. 
This applies to either air or steam blowers, and results in far less 
temperature shock than occurs when 100 per cent water washing 
is resorted to under load. A few plants have actually adopted the 
latter practice at intervals of, say, 30 days to augment regular 
soot blowing. 

Mr. Philo’s discussion is very pertinent and brings out some of 
the design modifications which have been adopted almost uni- 
versally on recent Pacific Coast installations. The provisions 
cited in Item 3 of Mr. Philo’s discussion, to facilitate water wash- 
ing of the boiler while it is off the line, tend to produce a better 
job of cleaning with less boiler outage time. 
Item 2, 


In connection with 
it has already been emphasized by the author that in- 
creased spacing between superheater tubes to some figure greater 
than | in., particularly in the first bank, is highly desirable. How- 
ever, it does not follow that, by progressively increasing this 
spacing, we shall obtain correspondingly improved results from the 
standpoint of less deposits. Operating experience during the past 
year suggests that there is an optimum spacing which will ob- 
viate abnormal restriction of the gases due to slag deposits and at 
the same time provide for maximum effectiveness of the soot 
blowers. It is fairly certain that this optimum clear spacing is 
somewhere between 2 and 3 in. for the superheater banks, and 
approximately 2 in. for the economizer section. For oil fuel, it is 
doubtful whether spacing as little as one inch can be justified at 
any point in either the superheater or economizer sections, 

The investigation conducted by Scott Jensen and referred to by 
Mr. Philo in connection with the survey of the pattern of gas tem- 
peratures leaving individual tubes of large tubular air preheaters, 
represents a valuable contribution to the problem. It provides a 
basis for the installation of baffles so that proper gas-flow dis- 
tribution is obtained throughout the preheater, thereby elimi- 
nating localized low-temperature zones which have a major 
influence on both corrosion and plugging by deposits at the cold 
end of the preheater. 

With reference to Mr. Ryan’s comment on the gains which can 
be realized by desuperheating the extraction steam before it en- 
ters the evaporator, it should be stated that this has been accom- 
plished, at least in part, by means of a steam-to-steam heat ex- 
changer whereby the superheat in the high-pressure turbine ex- 
haust is removed by adding superheat to the evaporator vapor. 
refineries require 50 F superheat in the process steam at the 


at 
“ad 
fo 
gece 
Sade 
SEB 
Roy 
ty yeh 
x * > ge 
pur 
ts 
~ 
} 
, 
Pas 


to 


point of delivery. In the last paragraph of Mr. Ryan’s discus- 
sion he has emphasized the importance of the business aspects of 
this kind of undertaking. This is indeed true because it is ab- 
solutely essential to make proper allowance in the 
for the various technical factors which enter into the operation of 
such an undertaking. However, it cannot be too strongly em- 
phasized that an intimate know ledge of the practical operating 
problems and related technical factors are the 
sites to the conclusion of 
between the two parties, - : 

In connection with Mr. Thielsche 
creased itivestment in boiler pl 
fora conventional plant 
boiler capacity is require 
sold to the oil refineries. 
vides that the revenue 


financial setup 


essential prerequi- 
business arrangement 


a satisfactory 


r’s remarks regarding ‘the in- 
ant over what would be required 
, it should be pointed out that additional 
od to generate the-process steam which is 

The working agreement, of course, pro- 
from such steam sales will be adequate to 
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, and it should also be pointed 
out that the additional high-pressure steam generates by-product 
power in the high-pressure turbine at extremely high efficiencies. 
In reply to Mr. Thielscher’s question in the last paragraph of his 
remarks, it should be stated that all three of the contracts with 
the oil refineries were written for a period of 20 years with provi- 
sions for automatic extension beyond that period unless twelve 
months’ written notice is given by, either party stating its desire 
to terminate the agreement. 

It is gratifying that Mr. Woods has contributed to the dis- r 
cussion by giving the point of view of the oil refinery, setting forth 
the advantages which have accrued to 


q 

them as a.result of this 

undertaking. "We should like to add that the day-to-day working “ 

relations between the respective operating personnel of the utility t 

and the refinery have been highly satisfactory and consistently : d 

take place in the spirit of fine co-6peration, : s 
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By W. L. CHADWICK,'! LOS ANGELES, CALIF. 


This paper presents the background of the postwar ex- 
pansion of steam power in Southern California, the re- 
quirements of the area served, a brief discussion of some 
of the war and postwar influences bearing upon power 
needs, the disposition of the new generation, the design 
trends in the area, and the influences bearing thereon. A 
description is given of the major features of the Redondo 
Steam Station of the Southern California Edison Company. 


INTRODUCTION 


OLLOWING the late war and the necessity of restricting to 
the maximum the manufacture and installation of electric 
.power-generating equipment, of every kind and also the pur- 
poseful loading of all existing reserve generation with war pro- 
‘duction, it has been a common experience throughout the country 
to have postwar power loads increase more rapidly than new gener- 
ation capacity could be provided. Perhaps, however, the situa- 
tion in California is sufficiently different to be noteworthy and of 
interest. 
A companion paper® treats of the northern part of the state; 
this paper will treat of the southern part. California may be said 
to consist economically of three metropolitan and industrial areas, 
and a large agricultural hinterland in which there are also some 
-industrial and residential centers. The metropolitan areas of 
course are those around San Francisco Bay in Northern Cali- 
fornia, and those around Los Angeles and San Diego in Southern 
California. Although geographically, Southern California in- 
‘cludes only ten of the state’s 58 counties and only 37 per cent of 
the area of the state, it contains more than one half of the state’s 
population and utilizes about one half of the electric power. 
Another fact which has a large bearing on power resources, par- 
ticularly hydraulic power, is that the Southern California area 
possesses only about | per cent of the state’s water resources. 
Because fuel was then scarce and steam power generation was 
inefficient, the first electric power developed in the state was hy- 
draulic. 
a severe drought so reduced the water supply that some systems 
found it necessary to move boilers and engines to hydro plants to 
meet the deficiencies in the hydro output. Since that time, steam 
power has been an intimate part of power supply, but being always 


However, during the first decade of power development, 


more costly to operate than hydro, it has been used only as com- 
plementary or supplementary energy. This condition has begun 
to change, and in the future base-load steam generation will be 
required in increasing amounts. 


SOUTHERN CALIFORNIA POWER SYSTEMS 
Southern California is served by eight different power systems. 
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Steam-Electric Power Expansion 
in Southern California 
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The city of Los Angeles is supplied by its municipal Department 
of Water and Power, with energy generated (a) in its own hydro 
plants, (b) at Hoover Dam, and (c) in three steam stations. The 
cities of Pasadena, Glendale, and Burbank have municipally 
owned systems each supplied from its own steam station, in addi- 
tion to purchasing hydro energy from Hoover Dam. The Im- 
perial Irrigation District supplies energy generated by hydro along 
the All American Canal and by Diesel to the Imperial Valley area, 
and is now constructing a steam station. The metropolitan area 
surrounding San Diego is served by the San Diego Gas & Electric 
Company through a system which gets most of its energy from 
base-load steam, but obtains the remainder from wholesale pur- 
chases. 

A portion of the eastern side of the coastal plain and some of the 
desert area is served by California Electric Power Company 
through a system supplied mainly by hydro plants in the Sierra 
Nevada Mountains, and by purchases from Hoover Dam and 
other agencies. The remainder of the Southern California area is 
served by Southern California Edison Company with energy sup- 
plied from Sierra Nevada and other hydro plants, from Hoover 
Dam, and from two large steam stations, a total system capacity 
of 1,583,000 kw. Further detail on these systems and their 
generating capacities are given in Table 1, and the map, Fig. 1. 

Power Resources 

At the end of the war the power resources of Southern Cali- 
fornia systems consisted of a total of 2,535,000 kw in operating 
capacity, installed by the eight agencies; 65.5 per cent of this 
capacity was hydro, 33.2 per cent was steam, and 1.3 per cent 
Diesel. Of the hydro, 39.6 per cent of the installed capacity was 
in 30 plants in the Sierra Nevada Mountains, or in plants utilizing 
water brought from those mountains; 59.4 per cent was at Hoover 
Dam, and 1 per cent was in miscellaneous smaller plants. Hydro 
energy output is ordinarily considered on three bases, namely, 
(1) that for a year of average water supply, (2) that for a vear of 
low water supply, i.e., a dry year, and (3) that for a vear of excep- 
tional water supply, i.e., a wet year. These outputs vary from 
6,579,000 kwhr for a dry year to 9,036,000 kwhr for an average 
year to 10,470,000 kwhr for a wet vear. In other words, there is 
about 27 per cent less in a dry vear than during an average year, 
and about 16 per cent more in a wet year than in an average. 
Except for the effect of the large storage at Hoover Dam, there 
would be 50 per cent less in a dry than in an average year. 

This situation presents the basic need for steam generation up 
to the time the war began. 
maintained either in stored water or steam-generating capacity 


Ordinarily, sufficient reserves are 


to meet not only emergency system needs, resulting from break- 
downs and seasonal and other peaks, but also for the full deficiency 
which occurs in a dry year. It is usually considered that about 
40 per cent of a system's total capacity is required in steam gener- 
ation to meet these needs, 


War-ENp More Recent Conpirions 


During the war the presence of reserve capacity in Southern 
California led the War Production Board to locate several de- 
fense plants, including one each for magnesium and aluminum 
reduction, inthe area. The effect of these additions was to reduce 
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the reserves to the point where load curtailment would have been 
necessary in a year of subnormal water supply. As the war 
ended, it was generally thought that postwar adjustment would 
reduce considerably the need for industrial power and hence 
allow a period during which to regain reserves by building new 


TABLE 1 CAPACITY OF ELECTRIC GENERATING SYSTEMS 
SERVING SOUTHERN CALIFORNIA AS OF AUGUST 1, 19482 


Total kva capacity of main units 
-———derived from name-plate rating 

Internal 

Hydro combustion Total 
55463 67006 
25000 
50000 
488962 
4000 
33000 
253500 
1151131 


Steam 
11250 293 
25000 
50000 

331430 
62500 


California Electric Power Co. 
City of Burbank. - 
City of Glendale. 
City of Los Angeles........... 
City of Pasadena ong ia 
Imperial Irrigation District. . 
San Diego Gas and Electric Co. 
Southern Calif. Edison Co 
Hoover Dam? 
U.S. Department of Interior, 
Bureau of Reclamation 


Total 


157532 
1500 
18000 15000 

253500 
508650 604981 37500 


1030000 
3162599 


1030000 
1771145 1338661 52793 

* From figures compiled by Cahfornia Public Utilities Commission. 

+ Of this capacity approximately 495,000 kva is operated for the Depart- 
ment of Water and Power, City of Los Angeles, and the cities of Pasadena, 
Glendale, and Burbank; 330,000 kva for Southern California Edison Com- 
pany and 40,000 kva for the California Electric Power Company. In addi- 
tion, 165,000 kva of capacity, which is installed for the primary use of the 
Metropolitan Water District of Southern California, is operated for the 
Southern California Edison Company and the California Electric Power 
Company during times that the full capacity is not required by the Metro- 
politan Water District. 
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TABLE 2) ADDITIONS IN CAPACITY TO ELECTRIC GENERAT- 
ING SYSTEMS SERVING. SOUTHERN CALIFORNIA, ARRANGED 
CHRONOLOGICALLY—1946 TO 1951 


Approximate 
name-plate rat- 
ing of main gen- 

erators, kva 
Hydro Steam 
California 

August, 1947 25000: 
October, 1947 25000 
November, 1947 81250 


70588 


75000 


Long Beach 
City of Glendale 
City of Los Angeles... . 
Southern California 
Edison Co.......... 
San Diego Gas & Elec- 
Southern California 
Edison Co.......... 
Southern -California 
Edison Co. 
City of Los Angeles... . 
City of Los Angeles... . 
City of Los Angeles... . 
Imperial Irrigation Dis- 
trict El Centro 
City of Burbank 
City of Pasadena...... gis 
Southern California 
Edison Co.... 


California 


Harbor 


Redondo March, 1948 


Silvergate April, 1948 


Redondo 
Big Creek $3 


Harbor 
Harbor 
Harbor 


April, 1948 70588 
April, 1948 
December, 1948 
February, 1949 
Spring, 1949 


35000 
93750 
93750 
93750 


April, 1949 
August, 1949° 
August, 1949 


25000 
25000 
43750 
Redondo 70588 


September, 


Redondo October, 1949 70588 
Imperial Irrigation Dis- 
trict.... 


San Diego Gas & Elec- 


Drop 4 
October, 1950 
December, 1950 
Spring, 1951 


Silvergate 
Owens Gorge 
Owens Gorge 


75000 
City of Los Angeles... . 37500 
Southern California 


Edison Co. Big Creek #4 


Late 1951 
Total 


84000 


244000 938602 
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capacity. Although industrial load did drop for a time, its effect 
was more than offset by expanding energy use in other classifiea- 


* tions, 


By the first of 1946 it was apparent that in California, as well 
as elsewhere in the country, there would be no respite, but that the 
load, at least for some time, would increase faster than new gener- 
ation could be built. From over the nation, orders were placed 
much faster than turbines, generators, and transformers could be 
built. Delivery promises increased from 16 months to 39. 
Strikes of all kinds during 1946 added months to delivery expec- 
tations. 

Population Trend. In the meantime, population and loads 
were growing. Population in Southern California increased 47 
per cent between 1940 and 1948. On the Southern California 
Edison Company’s system during the 4 vears between January, 
1944, when voluntary wartime power rationing in this area ceased, 
and January, 1948, residential power use increased 52 per cent, 


commercial use increased 58 per cent, agricultural 75 per cent, and - 


industrial 18.6 per cent. The over-all increase was 41 per cent. 

Conditions in 1948. Combined with these influences, rainfall 
in the early part of 1948 was the lowest for many vears, not only 
causing hydro production to fall off all over the state but also 
greatly increasing the demand for power for off-season irrigation 
pumping. In some areas, curtailment became necessary. 
Southern California had been successful enough in building new 
steam generation so that -when that new capacity was combined 
with daylight saving and good rains, curtailment there was un- 
necessary. Also, by co-operative pooling of generating resources, 
it was possible to transmit large blocks of energy to the curtailed 
areas with the combined fortunate result that curtailment any- 
where in the state was short-lived. 


SouTHERN CALIFORNIA CONDITIONS AFFECTING STEAM-POWER 
EXPANSION 


Southern California steam-power expansion has been note- 
worthy for the following characteristics and developments: 

1 The rapid increase in the steam-hydro ratio during the past 
5 vears, 

2 The use of moderate steam pressures and temperatures. 

3 Exclusive use of natural gas and oil but with space allow- 
ance for future coal. 

4 The earliest use of outdoor plant construction. 

5 The use of special operating methods, controls, and con- 
struction to obtain minimum-time load pickup from minimum 
to maximum. 

6 Extensive use of high-pressure mec! ..ueal oil atomization. 

7 Successful use of thermal contro! co: marine fouling organ- 
isms. 

8 The recent field rebuilding of three large-sized turbine gen- 
erators during conversion, from 50 to 60-cycle operation. 


Hydro-Steam Ratio. As noted previously, at the end of the 
war the capacity serving Southern California was 2,535,000 kw 
consisting of 1,659,000 kw of hydro, 844,000 kw of steam, and a 
small amount of Diesel. Percentagewise for hydro and steam, 
this amounts to 65.5 and 33.2 per cent, respectively. Since that 
date (that is, to January 1, 1949) 34,000 kw of hydro and 388,000 
kw of steam have been added, bringing the steam capacity cur- 
rently to 41.7 per cent. Installations now in design and under 
construction will bring this ratio to 54.4 per cent hydro, 44.8 per 
cent steam by January, 1952 (Table 2). 

Moderate Pressures Used. To the present time, two influences 
have tended to keep steam-power developments in Southern Cali- 
fornia in the moderate pressure and temperature range, namely, 
(1) relatively low cost of fuel because of the area being figura- 
tively on top of large oil and gas fields, (2) availability of large 
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quantities of relatively cheap hydro power and the resulting low 
load factor available for steam operation. Under the latter con- 
ditions, 35 per cent is a fair estimate of steam-power load factor. 
Accordingly, economy has required that new installations be de- 
signed and built for the pressures around 850 psi and tempera- 
tures of 900 F. With the increase in fuel-oil cost from 18 cents 
per million Btu to 36.1 cents between the war’s end and January, 
1949, and waning additional projects for hydro development, 
interest in more economical cycles is keener. One turbine is on 
order for 1250 psi 950 F, but no plant so far has been built in the 
area to utilize the reheat cycle. 

Gas and Fuel Oil Only. Prior to the war, fuel gas was in abun- 
dant supply at costs of from 9 to 11 cents per million Btu, and 
oil at about 13 cents. With the increase in demand during the 
war for gas for industrial and domestic heating, except where gas 
could be obtained by direct purchases from the oil fields for boiler 
use, it became available only on a “dump” basis. This means 
that during warm weather when domestic use is light, and on 
week ends and holidays when industrial use is light, gas for power 
generation may be had in quantity, but there is no firm supply 
except where obtained by direct field purchase. Pipe-line impor- 
tations are now being made from Texas, and others are in pros- 
pect, but again they afford no firm supply. As a result, power 
generation is principally supported by oil fuel. Some petroleum 
coke has been available but not in sufficient supply to be impor- 
tant. 

As previously stated, no Southern California plant so far has 
been equipped with coal-handling and burning equipment al- 
though several have been built with space provision for bunkers, 
ash hoppers, pulverizers, and burning equipment. 

A rough comparison of the cost of the three fuels under present 
(February, 1949) conditions is gas about 30 cents per million 
Btu, oil 31.2 cents to 32 cents per million Btu, depending upon the 
viscosity supplied, coal from Southern Utah about 44.7 cents per 
million Btu. With a large increase in fuel-oil stocks during 
recent months, oil prices for firm delivery have broken some- 
what, backing off any immediate necessity for considering coal 
fuel seriously. 

Early Use of Outdoor Construction. Mild weather and econ- 
omy led to outdoor design for the two plants built by the cities of 
Burbank and Glendale about 10 vears ago, two of the first to make 
use of such construction. The new Redondo Station of Southern 
California Edison Company has outdoor boilers, air preheaters, 
fans, and oil heaters. Three stations have been built on the unit 
principle with one boiler per turbine unit. Further use of this 
principle in the near future seems certain. 

Quick Pickup Important. Because of the position in the load 
curve which steam power must take with respect to hydro, and 
hence of the frequént necessity of steam standing by at mini- 
mum loads for immediate operation in the event of an emergency, 
such as transmission-line or equipment loss, close attention is 
given in Southern California stations to the minimum load pickup 
time. The Redondo Station of Southern California Edison Com- 
pany, for instance, is designed to increase from 5 per cent to full 
load in 15 see. Other stations on systems depending upon long 
transmission lines for an important part of their resources have 
similar features, 

High-Pressure Mechanical Atomization. With the increase in 
the use of cracking and other newer refining techniques, the pro- 
duction of fuel oil has passed from one in which this fuel was crude 
oil with the lighter and more valuable fractions removed by dis- 
tillation to one where it is now a refinery residuum carrying tars, 
free carbon, and other heavy ends, plus considerable amcunts of 
combustible and noncombustible residual chemicals. The result- 
ing product while containing around 6,250,000 Btu per bbl pos- 
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sec SSF for Bunker C fuel. This heavier fuel requires heating to 


between 80 F and 100 F to permit its conveyance from tanks to’ 


final heaters where temperature is increased to 200-210 F before 
supply tothe burners. Further, this fuel produces deposits which 
adhere to closely spaced heat-transfer surfaces, particularly in 
superheaters, economizer and preheater sections which require 
washing down of external surfaces to permit maintaining any- 
where near normal heat absorption. 

Further, with the increased industrial use of fuel oil in the area, 
the need to minimize smoke emission, because of the special topo- 
graphical and meteorological characteristics of the Southern 
California coastal area, has also made efficient combustion of 
first-order importance. To meet this need, a burner and supply 
system has been developed which utilizes a maximum burner sup- 
ply pressure of 900 psi, obtained by screw pumps in the primary 
fuel-supply lines and booster pump connected to a recirculation 
line, which permits maintaining a burner pressure of not less than 
300 psi at minimum load. The result is (1) wider range (1 to 20) 
between minimum and maximum boiler load, and (2) finer atomi- 
zation, and hence better and more smoke-free combustion. 


REDONDO STATION 


veplaces Former Station. The Redondo Steam Station of the 
Southern California Edison Company is situated directly on the 
Pacific Ocean at Redondo Beach on an enlargement of the site of 
an earlier station which was considered uniquely efficient in its 


day. That original station was built a little more than 40 years ° 


ago and contained three 5000-kw General Electric generators, 
each driven at 100 rpm between two double angle-compound 
McIntosh & Seymour reciprocating engines supplied with steam at 
175 psi and 475 F. The design and construction contract pro- 
vided for a bonus payment for efficiency better than 170 kwhr per 
bbl of fuel oil (about 36,760 Btu per kwhr). Performance was 
50 per cent above this requirement, earning a handsome bonus for 
its builders. Strangely enough, the advance, in steam power gen- 
eration was so rapid that within less than 4 years a turbine-driven 
generator was added, making the original units obsolete. Seven- 
teen years later the station was sufficiently obsolete to put it 
only on the very peak of the load curve, and in another 9 years it 
was decommissioned and its boilers salvaged. The building was 
wrecked to permit construction of the new Redondo Steam Sta- 
tion. 

Necessary to Utilize Previously Designed Equipment. Design of 
the new station was started early in 1946, at a time when (1) 
there was an unprecedented shortage of designers and draftsmen 
not only for station design but for equipment design and de- 
velopment, (2) strikes were tying up the entire production of the 
major electrical-equipment manufacturers and such basié indus- 
tries as steel, coal, and transportation. Postwar adjustments 
were further delaying deliveries of power-plant equipment of all 
kinds. 

In spite of these influences, it was necessary to have the new sta- 
tion in operation at the earliest practicable date. To-offset these 
delays as much as possible, all major equipment was specified so 
that proposals could be offered for equipment which had been 
previously designed and preferably used, thus minimizing design 
and manufacturing time. 

The joint AIEE-ASME Standards Committee had only re- 
cently issued its preferred standards for turbine generators, and 
some design work had been done on the largest or 60/66,000-kw 
size. Use of these standards and the estimated probable load 
factor for the station on the combined hydro system, fixed steam 
conditions at 850 psi and 900 F and turbine speed at 3600 rpm. 
One each General Electric and Westinghouse units were pur- 
chased at the outset, and one each additional late in 1946. 

Boilers also were specified to fit radiant types which previously 
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had been built and used successfully. Multiple and single boil- 
ers per unit were considered, but, although more expensive, mul- 


tiple boilers were selected because, under system conditions, they ° 


afforded the greatest reliability and flexibility. To serve the 
first two units, four 400,000 lb per hr Babcock & Wilcox boilers 
were provided affording one spare. The final installation will 
include seven such boilers for four turbines, also affording one 
spare. 

Station Arrangement. The station is laid out with the turbine 
generators arranged longitudinally along the center of a tur- 
bine building 73 ft wide and 485 ft long. A 45-ft-wide auxiliary 
and control bay parallels this room and forms the firing aisle for 
the seven boilers. One 200-ft reinforced-conecrete stack is pro- 
vided for each pair of boilers. The boilers, preheaters, forced- 
and induced-draft fans, secondary fuel-oil heaters, and deaerat- 
ing heaters are outdoors on the inshore side of the turbine 
building Because of the salt-spray-laden fogs which occur along 
the California coast, no consideration was given to outdoor tur- 
bine settings. 

Cooling-Water System Design. The coast along which the 
Redondo Station is situated is exposed and subjected to heavy 
waves during the late fall, winter, and early spring. The original 
station had used an exposed vacuum-primed syphon pipe line with 
9-ft drop legs set in the surf line to supply circulating water. 
This system was frequently in trouble from ‘sand, seaweed 
accumulations, and ‘storm damage. In designing the new sta- 
tion, every effort was made to afford a trouble-free circulating- 
water system. To obtain this objective, it was considered neces- 
sary (1) to keep the pipe lines below the ocean floor; (2) to keep 
the lines under positive pressure; (3) to avoid any exposed struc- 
ture; (4) to extend the lines far enough seaward to set the intakes 
in water deep enough to afford 20 ft of water’ below low tide, and 
in order to avoid sand entrapment, to set the intake chime or in- 
flow lip not less than 10 ft above, the’ocean floor; (5) to afford 
means of controlling marine fouling organisms which would make 
shutdown of the pipe lines for cleaning unnecessary. To effectu- 
ate the first conditions, both the intake and discharge lines are 
built of 10-ft-diam precast lock-joint concrete-pipe sections 16 ft 
in length laid below the ocean floor. The intakes are vertical tee 
sections 14 ft diam at the end of the 10-ft lines and set in 32 ft of 
water. 

Marine Fouling Control. To control fouling organisms, an ex- 


* tensive investigation of chlorine injection was carried out, but 


previously it had been observed at the company’s Long Beach 
Station that although the intake tunnels accumulated 4 to 6 in. 
of marine growth during the growing season, almost no growth oc- 
curred‘in the discharge tunnels. The only reason assignable for 
the difference was the differerce in circulating-water tempera- 
tures. Using this long-time laboratory observation, it was de- 
cided to provide for fouling control both by means of chlorination 
and by periodically raising the temperature of the lines by alter- 
nately using each as a discharge. To check the possibility of 
satisfactory control by such means, the assistance of marine bio- 
chemists was sought, particularly that of Dr. D. L. Fox, of Scripps 
Institute of Oceanography. 

The eventual solution was two separate 10-ft-diam lines extend- 
ing an average of 1900 ft offshore where each is provided with 
an intake structure. These structures were set 200 ft apart, 
diagonal to the beach, to minimize recirculation. To permit 
alternate use as discharge and intake and likewise to enable 
chlorination without the need for chlorination lines extending sea- 
ward, a reversing chamber was provided on shore where flows 
may be reversed in 5 min and recirculated to build up any desired 
discharge temperature. By chlorinating the discharge line only 
and reversing pipe lines within the lethal chlorination cycle, all 
chlorine injection could be accomplished on shore. 


4 


Originally, it was considered that it might be necessary both to 
chlorinate and to elevate temperature and to put each line through 
such a cycle as frequently as each 8 hr. So far, control by heat 
alone has been so satisfactory that no chlorine has yet been used 
in the offshore lines. Furthermore, reversals only once each 2 
weeks with temperature elevation to 95 F for 6 to 7 hr, to 102 F 
for 1'/, hr have killed off all organisms before they could mature to 
objectionable size. The arrangement of these features is shown 
diagrammatically in Fig. 2. 
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Cooling-Water Lines a Difficult Construction Problem. Con-- 
struction of the cooling-water lines proved the most difficult part 
of the project but was successfully accomplished by Macco Cor- 
poration, the contractors, without delaying the operation of the 
station. Pipe laying was done entirely under water by divers 
served from a temporary trestle supporting excavating equip- 
ment, and a gantry crane for pipe handling. The courage and 
skill shown in handling the 42-ton sections suspended by slings 
and cable hoists in depths up to 50 ft, while subjected to fairly 
high seas, is a fine tribute to the construction fraternity, parti- 
cularly since the visibility of a diver was often less than 1 ft, 
making work by touch only necessary most of the time. 

Cooling-Water and Condensate System. Flow into and out of 
the reversing chamber is controlled by motor-operated welded 
steel gates, 7 ft X 10 ft. Automatic controls pair the gates dur- 
ing the reversing process, Trash racks with traveling rakes and 
stainless-steel revolving screens prevent the passage of fish or 
mats of seaweed into the pump chamber. Pumping to each con- 
denser is by means of two vertical 25,000-gpm centrifugal pumps 
driven by two-speed motors for ease of adjustment from stand-by 
service to full load. Circulating-water temperatures vary from 
55 to 70 F. The condensers are of Ingersoll-Rand manufacture 
and have 42,500 sq ft of surface. Water boxes and hot wells are 
divided. Condensate and condensate booster pumps are pro- 
vided in duplicate with each able to return the condensate from 
70,000 kw of load with all heaters in service. Three boiler feed 
pumps of 785 gpm capacity at 1100 psi are provided for each unit 
with a steam-driven pump for emergency use on either of each 
pair of units. 

Boilers. All boilers are interconnected on the steam, the feed- 
water, and fuel sides. Each boiler is equipped with an outside 
heat-exchanger type of attemperator. Each also is provided with 
an extra large main steam drum (72 in.) to protect against carry- 
over during water swell on quick boad pickup. Each boiler is 
provided with automatic equipment which performs the following 
functions: 


(a) Controls the flow of fuel to the burners. 

(6b) Controls the induced-draft-fan inlet louvers and outlet 
damper, except as modified by the fuel-air ratio controller to main- 
tain a preset *metered-fuel-air ratio. 

(c) Controls the forced-draft-fan inlet vanes and outlet damper, 
except as modified by the furnace-draft controller to maintain a 
preset furnace draft. 
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Combustion Control. The combustion-control system was 
designed specifically for quick load pickup and also for wide 
load range. The following features were incorporated into the 
design: 


1 Steam flow rather than steam pressure provides the impulse 
to increase the supply of fuel and air. 

2 Air loading pressure is transmitted direct and simultane- 
ously to the controls for fuel, air volume, and draft. 

3 Control drives are of the “high-speed” type with extra large 

pilot valves and air-supply lines for rapid admission of operating 
air. 
- 4 Combustion air is measured by a Venturi section in the air 
duct rather than being measured subsequent to combustion, 
thereby decreasing the lag in adjusting air flow to correspond to 
steam flow. 


Fuel System. After primary heating, fuel oil is forced at about 
725 psig by Sier-Bath screw pumps, to the main oil heaters adja- 
cent to the boilers where it is raised to about 200 F, and forced to 
the ‘constant differential’? pumps which raise the pressure to the 
burners to a full-load pressure of 900 psig and 200 F. The con- 
stant differential pumps afford a 20 to 1 load range. Automatic 
controls are provided in this system to start additional fuel-oil 
pumps in accordance with load demands, to control recirculation 
of oil to storage tanks, and to control flow of steam used for heat- 
ing the oil. Furnace and burner protection is obtained through 
interlocking controls which shut off fuel to the burners if: 


(a) Oil-supply pressure is low. 
(b) Fan motors fail. 
(c) Furnace has not been purged prior to “lighting off.” 


Turbine Generators. As previously stated, the turbine genera- 
tors are the largest AIEE-ASME Preferred Standard, namely, 
60,000 /66,000 kw tandem-compound 850 psi, 900 F, 3600 rpm 
units, 13.8 kv voltage, 0.85 short-circuit ratio, built for either 0.5 
or 15 psi hydrogen pressure. The heat balance for these units 
and the station is shown in Fig. 3. Each of the first two units has 
been tested and operated at loads to prove a safe output of 66,000 
kw net. 

Auviliary Power. Two 6000-kw, 15-sec response, noncondens- 
ing house sets provide auxiliary power in the event a system volt- 
age or frequency drop threatens the auxiliary power supply ordi- 
narily supplied by two transformer banks connected to the sys- 
tem. Ona drop in system voltage, these sets start automatically 
from standstill and come to full speed and voltage ready to carry 
full auxiliary load in 15 sec, but must be connected manually to 
the load at the time the auxiliary banks are disconnected from the 


system. 


GENERAL 

Each generator is connected to a 70,000-kva transformer bank, 
The output of the plant is controlled by a double bus switchyard 
and is transmitted over six 69-kv transmission lines to a major 
transmission substation about 5 miles away. 

The station structures include an administration and service 
wing where all offices, shops, and chemical laboratory are housed. 
Because the region is subject to earthquakes, all structures are 
designed for a seismic coefficient of 0.2 gravity. This factor is 
twice that required for public school buildings in the state but is 
selected in the public interest to assure service continuity should 
a serious earthquake affect the area. 

The station is equipped to burn either gas or fuel oil and space 
has been provided for pulverized-coal equipment should such be- 
come necessary. Some gas is available direct from the fields, but 
the principal fuel is oil. Storage is provided on the site for 220,000 
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Because of the demand in California during late 1947, and early 
1948, for every possible kilowatt of generating capacity, - con- 
struction of the Redondo Station was under heavy pressure. The 
first turbine generator was erected from receipt of bedplate to 
first synchronization with the system in 70 elapsed days, and the 
second in 51 days. So urgent was the need for the station that it 
was put into operation as soon as the fundamentally essential 


‘manual controls could be completed, and several months ahead of 


the time when it would have been possible to provide a fully tested 
and automatically controlled plant. 
construction delays because of postponed equipment deliveries, 
the station was delivering energy to the system less than 18 
months after excavation on the site was started. 
neers, and construction men all co-operated .to the latter end. 


In spite of many threatened 


Operators, engi- 


Base-load operation has been the order of the day ever since the 
first unit was first put on the line. 
The station was designed and constructed by the Stone and 


Webster Engineering Corporation in close collaboration with the ° 


Engineering and Operating Departments of the Southern Cali- 
fornia Edison Company. 


Frevp REBUILDING OF LARGE UNITS FOR FREQUENCY CONVERSION 


Incidental to conversion of most of the Southern California 
Edison Company power system for operation at 60 cycles instead 
of 50 cycles, it was necessary to rebuild two 100,000-kw 450-psi 
750 F tandem-compound double-flow General Electric and one 
60,000-kw 400-psi 700 F single-cylinder General Electric turbine 
generators in the field. In each instance it was necessary to re- 
place the high-pressure casings, high and low-pressure spindle, 
front bearing pedestal, the governor, and the generator field. 
Further, to allow for the higher speed and greater steam space, it 
was necessary to reduce the stagesir the larger machines from 21 
to 17, and in the smaller machine from 20 to 17. This latter re- 
quired machining new ledges for the new diaphragms. 

All parts were manufactured in the factory and shipped to the 
field without benefit of check assembly of low-pressure parts. 


The machining of the intermediate and low-pressure casings was 
accomplished by field forces of the manufacturer, using a large 
. The first job 
was on one of the 100,000-kw machines and was completed during 
a 4'/, months’ outage, the second was completed in 4 months, and 
the third in 3'/. months. Each machine went into service imme- 
diately after it was dried out and without clearance, balance, or 
other adjustment being necessary. All three were delicate and 
difficult shop and field manufacturing jobs most competently 
completed. 

In the process of rebuilding, 10,000 kw additional capacity 
was built into each of the larger machines and nearly as much 


boring bar operating in the bearings of the turbine. 


into the smaller one. 

With an expansion of 760,000 kw in steam-generating capacity 
either constructed or in progress since the end of the war, the 
power systems of Southern California are determined that power 
supply to that area shall be in time and ‘enough, 


Discussion 


F, X. 
as furnished by the writer’s Company consisted of four rediant 
boilers which were placed in service during the early part of 1948, 
and three additional radiant boilers of identical design which are 
We would like to deseribe 
the principal features of the steam-generating equipment, 

Fig. 4 of this discussion shows a cross section through these 
boilers, each of which is designed to generate 400,000 Ib of steam 
per hr continuously at 875 psi and 900 F at the outlet of the super- 
heater. The furnaces are of water-cooled construction, designed 
to burn either gas or oil. The contour of the water-cooled fur- 
nace makes it possible to adapt this furnace to pulverized-coal 
firing at some future date, if this becomes desirable. y 


The steam-generating equipment for Redondo 


about ready to be placed in operation. 


3 Application Engineer, The Babcock &: Wileox Company, New 
York, N.Y. Mém. ASME, | 
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The boiler and superheater tubes are arranged on wide centers 
to minimize tube fouling from oil-fuel slag. The first 
boiler tubes are 4 in. OD on 18 in. centers, while the remaining 
three rows are 4 in, OD on Qin. centers. The first bank of super- 


rows of 


heater tubes consists of 2'/.. and 2'/,-in. tubes on 7-in. centers, 
The second and third banks of superheater tubes are 2'/s in. 
OD on 3'/:-in. centers. 

The steam drum is 72 in. diam to provide water storage and 
space for water-level rise during quick load pickups. 
drum contains cyclone separators and steam scrubbers so that 
the solids content of the steam leaving the boiler will not exceed 
| ppm even during sudden load pickup. 

Steam temperature is maintained at 900 F from 250,000 to 
100,000 Ib of steam per hr by means of a shell-type attemperator 


The steam 


connected between the first and second sections of the superheater 
through which a portion of the superheated steam will flow, giv- 


ing up some of its heat to boiler water which circulates around the 


SUPERHEATER 


ECONOMIZER 


Cross Section Reponpo STarion STREAM GENERATOR 


The amount of 
steam that goes through the attemperator tube bundle is con- 
trolled automatically by a rotary valve. Quick response of tem- 
perature control is an important factor in steam-generating units 
designed for quick pickup of load. 


outside of the tube bundle in the attemperator, 


The economizer is of the continuous-tube type, discharging 
into the steam drum through cyclone separators. 

To facilitate the cleaning of troublesome deposits from super- 
heater tubes, the floor under the superheater is arranged with a 
drain hopper so that the superheater surfaces can be washed with 
The economizer and air 
heater are also arranged so that they can be washed during out- 
of-service periods. 

The expected efficiency of 81.41 per cent on gas fuel and 85.46 


water during out-of-service periods. 


per cent on oil fuel have been exceeded on heat-balance tests 
which showed 82.24 per cent efficiency on gas, and 86.42 per 
egnt efficiency on oil, 
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C. L. Hatnaway.* Mr. Chadwick has presented a very clear * 
picture of the conditions in Southern California relative to the 
electrical demand in this area and to the facilities for meeting 
this demand. ) 
‘interesting design details of the new Redondo Steam Plant. Of 


He has also brought to our attention many very 


much interest is the method of controlling the growth of marine 
life in the circulating-water system, a very serious problem which 
the pioneering efforts of his company have solved successfully. 

This discussion of Mr. Chadwick’s paper will be limited to the 
following eomments concerning the most southerly coastal por- 
tion of the area considered, that of San Diego. Several years 
before the war it became evident that the power facilities of the 
San Diego Gas & Electric Company would have to be expanded 
to meet the rising demand. This was due to the very great in- 
crease in the population of the area with its increase in domestic 
load requirements, to the rapid development and growth of 
the aireraft industry, and to the expansion of the needs of the 
United States Government. The company had at that time 
only one generating plant, Station B. This is a low-pressure 
steam station operating at 235 psi 700 F, located in downtown 
San Diego. Expansion of Station B was not advisable. The 
cost of increasing the circulating-water supply would have been 
prohibitive, and property values were comparatively high. 
A topping installation was considered, but the idea was aban- 
doned because the load cycle did not lend itself well to this 
type of operation and because building alterations would have 
been excessive. In addition, any appreciable increase in the 
station’s generation would have required extensive changes in the 
clectric-transmission system in this area. For these and other 
reasons, it was deemed advisable to build a new station. . 

The site of the Silver Gate Station was chosen for several rea- 
sons; property values were reasonable, the station could be built 
near the San Diego Bay so that circulating-water problems would 
not be serious, and the location would be in a central part of the 
distribution system, with close proximity to the rapidly growing 
South Bay area. ‘ 

Work was begun in 1941, and the station was placed in com- 
mercial operation in March, 1943. This plant consists of a 
35,000-kw General Electric turbine, driving a 50,000-kva hydro- 
gen-cooled General Electric generator at 3600 rpm. Steam is 
supplied at 850 psi and 900 F by two 200,000-lb per hr Babcock & 
Wilcox type F integral furnace boilers. 

Before unit No. 1 was placed in service it was apparent that it 
would not be sufficient to meet the rapidly increasing load. There- 
fore, in December, 1941, the company placed an order for the 
second unit (50,000 kw). This was later canceled by govern- 

. ment ordér so that all manufacturing facilities might be directed 
exclusively to further the war effort. It was not until late in 
1945 that it was possible again to place orders. Work of installa- 
tion was begun in 1946, and unit No. 2 was placed in service in 
April, 1948. 

The delay in the installation of unit No. 2 due to the war, and 
the unexpected increase in load at, the cessation of war activities. 
has made unit No, 3 an immediate necessity. Plant construction 
is now under way, and it is hoped that it may be placed in service 
early in the summer of 1950. This unit will operate at 1250 psi 
950 F. This increase was deemed advisable in view of the in- 

* creasing cost of fuel. Studies are now under way for unit No. 
4, which will be the last at this site. Ultimate capacity of the 
station, based upon turbine ratings, will be 185,000 kw. 

Fig. 5 herewith is an average of: the actual week-day load con- 

* ditions of the San Diego Gas & Electric Company for the month 
of January, 1949. This shows the peculiarities of loading in a 
comparatively small system in which the load is largely domestic. 

* Superintendent, Electrical Production, San Diego Gas and Elec- 
trie Company, San Diego, Calif. 
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This load demand must be met by an all-steam system, as the 
company has no hydroelectric generating stations. Serious opera- 
ting problems are introduced by the extremely high rate of load 
change, particularly when going from the minimum to the morn- 
ing peak. This represents an increase of 150 per cent in 2'/2 hr. 
This figure is not impressive if we consider the expected perform- 
ance of a true stand-by plant; but it must be remembered that 
this is a daily occurrence and that a large part of this system 
pickup must be handled by the 99,000-kw low-pressure station, 
whose increase is in the nature of 500 percent. | . : 

An explanation of the San Diego Gas & Electrig Company's 
recemt development in steam yeneration can best be made by 
describing Silver Gate unit No. 2. In listing the various items 
of equipment, comment will be made upon certain features which 
have been changed from the design of unit No. 1 and certain 
other points of interest. 

The turbine is a General Electric 3600-rpm “Handbook” 
tandem-compound machine with double flow in the low-pressure 
section. Itis rated at 50,000 kw with an overload rating of 25 
per cent, or 62,500 kw. It was designed for and uses four points 
of extraction for feedwater heating. The hydrogen-cooled General 
Ekectric generator is rated at 60,000 kw at 80 per cent power fac- 
tor (PF), or 75,000 kva. This rating is for '/, psi hydrogen 
pressure. The main exciter is driven through a reduction gear 
coupled to the generator shaft and runs at. 1775 rpm. It is a 
220-kw 250-volt unit. The pilot exciter, a 4-kw 250-volt unit, is 
overhung from the end 6f the main exciter shaft, : 

Fig. 6 of this discussion is a heat balance for unit No. 2. The 
values shown are the turbine-generator manufacturer's e&timates 
for a generator load of 62,095 kw’ (approximately °/, turbine rat- 
ing). This is a simple system with four-point regenerative feed- 
water heating. Generator hydrogen and exciter air are cooled by 
the full condensate flow from the hot-well pump. . Condensate 
flow through these coolers and through the air-ejector condensers 
is increased during start-up, and at low loads by recirculation to the 
condenser. Make-up to the &ystem is supplied by an evaporator 
receiving steam from the second turbine extraction point (10th 
stage) and discharging its vapor to the dea¢rating heater. The 
deaerator pressure is not held constant, but swings with that of 
the turbine third extraction point (14th stage) as load on the unit 
changes. 

The turbine lubricating-oil system of unit No. 2 differs from 
earlier units in that there is no shaft-driven pump. Instead, there 
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sre two motor-driven pumps, so interlocked that the reserve 
pump will start on an outage of the preferred pump. There is 
also a steam-driven pump, which starts on low pressure, for 
emergency use. This pump rotates continuously at low speed, 
usa small amount of steam is fed through its turbine to keep it 
warm and available for immediate service. 

The boilers of unit No, 2 are two Babcock & Wilcox integral 
furnace-type F which supply steam at 850 psi 900 F to the tur- 
Each has a capacity of 300,000 lb per hr with an over- 
load capacity of 10 per cent for 4 hr. As with unit No. 1, 
boiler has two superheaters, with an externally mounted at- 


bine. 
each 
temperator in series between them. Considerable difficulty has 
been experienced with slag formation on the tubes of the unit 
These 


<leposits have been so heavy that actual bridging between tubes 


No. 1 primary superheaters when oil fuel has been used. 


This has caused excessive draft loss, requiring 
The material on the tubes is hard and 


has resulted. 
reduction in boiler load. 
tough so that an extended outage is necessary to remove it me- 
chanically. Use of natural gas as fuel tends to remove the de- 
posit, but as gas is available only in certain seasons and then in 
limited supply, it cannot be depended upon to maintain cleanli- 
Although the deposit is softened by water and is readily 
washed off, it has not been deemed advisable to water-wash these 


hess, 


superheaters for fear of damage to the refractories and possible 
corrosion of the superheater headers and the boiler mud drum. 
For this reason the design has been changed for unit No. 2. The 
superheaters are of the pendant type with the headers above, and 
hoppers have been provided to drain off the wash water properly. 
It is felt that these superheaters can be quickly and effectively 
cleaned. In addition to this, the tube spacing in the primary 
superheater has been increased to 6 in. between centers, giving 


much greater space for gas passage than in the older superheaters 
where tubes were spaced at 3 in. 
part of the primary superheater in the second gas pass of the 


This has necessitated locating 


boiler. 

The waterwalls of the furnaces of the unit No. 2 boilers are 
the touching-tube type, instead of the stud-tube design of unit 
No. 1. 


and increases materially the radiant-heat absorption. 


This greatly reduces the amount of refractory required 
Boiler 
convection surface is reduced somewhat by the increased size of 
the superheater. 

Boilers of both unit No. 1 and unit No. 2 are equipped with 
tubular air preheaters. The preheaters of unit No. 1 have hori- 
zontal tubes with the air on the inside and the gas on the outside. 
During the war period it was necessary to burn fuel oil with a 
comparatively high sulphur content. The resulting high-dew- 
point flue gas caused sufficient condensation on the cold-end tube 
sheet for,chemical attack, so that a large number of the tubes were 
cut completely off at this point. In order to avoid this trouble in 
unit No. 2 preheater, the design was changed materially. The 
hot gases are on the inside of the tubes with the air outside. The 
preheater is divided into two sections, a main section and a short- 
tube cold-end section. It was thought that if high-dew-point 
conditions were again encountered it would be a simple matter 
to replace tubes in the cold-end section or, if necessary, alloy 
tubes might be used. As a further protection a cold-air by-pass 
was provided to control the cold-end temperatures at low load 
operation. 

Both the forced-draft and induced-draft fans of unit No. 1 
use vane control. Considerable trouble was experienced in the 
vane bearings of the induced-draft fans. Because of the high 
temperatures to which they were exposed the lubricant carbon- 
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ized and froze the balls in ‘position, which resulted in operating 
difficulties and Although this condition 
has been largely removed by the use of silicone lubricants, it 
was decided to use a different control for the induced-draft fans of 
unit No. 2. These fans are driven at variable speed through 
hydraulic couplings. Additional control is obtained by the 
of dampers in the fan ducts. 

Fuels used ‘at Silver Gate are natural gas qnd industrial fuel 
oil Bunker D. In unit No. 1 this oil is delivered to the control 
valves at 280 psi. A centrifugal pump which maintains constant 
differential of 100 psi between the burner supply and return, raises 
this to about 350 psi at maximum demand. For unit No. 2, 
centrifugal booster pumps raise the pressure to 660 psi at the con- 
trol valves, and a 250 psi differential is maintained at the burners, 
giving a full-load maximum of about 900 psi. This increase in 
fuel-oil pressure is to permit the use of smaller burner tips and 
thus to obtain better atomization and better combustion at low 
It is planned to convert unit No. 4 to the same pressure 
levels, and a comparable change will be made at Station B. 

Fucl-oil storage is by three steel-lined concrete tanks located 
beneath the 12.5-kv substation structure. Each tank has a ea- 
‘pacity of approximately 5300 bbl, with a normal net of a little over 

1000. bbl. 
niap- the tanks or direct from tankers. The storage afforded 
by these tanks is not deemed adequate, so it is planned to pro- 
vide an 80,000-bbl tank for additional reserve. 

High-pressure steam piping in unit No. 2 uses welde d ‘iotete 
All joints were checked by gamma,ray.” This is a 
change from unit No. 1 piping where octagonal ring-flanged 
joints are used. 

Bearing and jacket cooling at Silver Gate 4s supplied by fresh 
water, 


high maintenance. 


use 


loads. 


Delivery to these tanks is by pipe line from the oil 


throughout. 


This is a closed system, common to both units, in which 
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city water is circulated through salt-water heat exchangers. The 
treated to maintain a condition, 
Make-up to this system is by condensate drains, so that the solids 
concentration is less than that of the city water, The only use 
of salt water is in these exchangers and in the main condensers. 


fresh water is noncorrosive 


Fig. 7 herewith is a diagram showing the station’s hookup with 


the distribution system. Eleetrie generation is at 12,500 volts, 


- Each generator feeds a ring bus which is connected on one side to 
jhe 


two main buses of a 12.5-kv substation, and on the other 
to the transformer’banks for the 69-kv system. Station aunilia- 
ries for each unit are supplied at 2400 volts by two transforme TS, 
from the generator bus and one from a feeder from the 
12.5-kv substation. The larger units operate at 2400 volts, the 
20 volts: 

The Silver Gate Station is not of the outdoor or semioutdoor 
type, in that both the turbine and boiler rooms are enclosed. 
The partially open type of plant was considered, but the advan- 
tages of the closed building were believed to more than offset its 
increased cost. It might be well to mention a’ few of the points 
considered in making this decision. 
ing efficiency results-from the partial recovery of radiation heat 
This is effected by placing the forced-draft fans on the top 
floor of the boiler room. 


one 


smaller ones at 2 


A: slight increase in operat- 


losses. 
Next, it is possible to do maintenance 
work in any part of the plant on short notice, regardless of weather 
This is of considerabie importance in a small alk 
steam system, such as that of the San Diego Gas & Electric 
Company. Further, morale of the operating personnel is de- * 
finitely better with the closed plant. This is a point that is al- 
ways considered but usually not credited with sufficient impor- 
tance. 


conditions. 


There are other advantages to the enclosed station; such 
Ss, greater ease in maintaining plant cleanliness, less chance ‘of 


‘ne Sit ct of routine operating duties, ete. 
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m TABLE 3 PRINCIPAL POWER-PLANT EQUIPMENT AT SILVER GATE STATION UNIT NO. 2 
Tursine GENERATOR Unat 
50, 000 kw, 3600 rpm, tandem- -compound, double-flow, condensing steam 


turbine 850 psi, 900 F, 1'/s-in. exhaust; 4 bleed points. 
Generator......... General Electric Company 
60,000 kw, 0.8 pf, 12,500 volt, 3 phase 60 cycle, hydrogen cooled. Main 
exciter direct connected through reduction gear, 1775 rpm, 220 kw, 250 
volt, pilot exciter 4 kw, 250 volts. 
Corporation 
Two-pass, divided water box, surface type with 40,700 sq ft effective 
surface. Tubes are of arsenical aluminum brass, tube shects of rolled 
muntz metal. 
Circulating-water pump............... Worthington Pump & Machinery 
Corporation 
Two 36-in. vertical, 21,000-gpm, 390-rpm, motor drive, 150 hp, 2300 volts. 


STEAM-GENERATING EQuipMENT 

Two integral-furnace pe, 875 psi 900 F 300,000 |b per hr; overload 
capacity 330,000 for 4 2 Heating surface, boiler and furnace: 21,500 
sq ft superheater, pendant type, three steam passes. Temperature con- 
trol by external atte evened 

Air preheater 

Vertical tubular, 2 sectic ons, 
Heating surface 44,674 sq ft. 

Forced-draft fans Buffalo Forge Company 
One per boiler, 101,000 efm at 1: 20) F, 1180 rpm, variable vane control. 

ledeeed- draft fans Buffalo Forge Company 
One per boiler, 181,000 cfm at 435 F. Control is by variable-speed 
drive through hydraulic coupling, and dampers. 

Fuel burners -eabody Engineering Company 
Four per boiler, type H-26, combination gas and oil. Oil burners are 
wide-rahge mechanical-atomizing with constant differential of 250 psi, 
and a maximum top pressure of 900 psi. 

Safety valves 5 aneoes Crosby Steam Gage & Valve Co. 
Three per boiler, 4 in. 

Combustion control system. ........... Bailey Meter Company 
Fuel flow-air flow on both fuels: temperature control. 


Babcock & Wilcox Company 
‘gas passes, gas in tubes, 3 air passes. 


CONDENSATE AND Feepwarer Sysrem 


Condensate pumps... . Worthington Pump & Machinery 


Corporation 


Two 3-stage 1183 rpm, 963 gpm 

Feedwater heater No. Foster Wheeler Corporation 
,OW-pressure, vertical, 4-pass, 1915 ft surface. Steam from 18th 
“stage extraction. 

Feedwater heater No. 2........... . Cochrane Corporation 
Deaerator, 750,000 Ib per hr, storage capacity 124,000 lb. Steam from 
14th stage extraction, ev vapor, ete. 

Feedwater heater No. 3 . Foster Wheeler Corporation 
High-pressure, vertical, 4- pass, : 2506. sq ft surface; has drain cooler sec- 
tion. Steam from 10th stage extraction. 


The Silver Gate plant is a windowless building except for the 
office bay, Air is supplied by a ventilation system which takes in 
outside air at the top-floor level. This gives a supply of fresh air 
to the station more nearly free of dust than would be provided 
by windows or louvers at near street elevation. 

As a one-unit plant, the Silver Gate Station was operated by a 
four-man crew, in addition to a part-time electrician. This con- 
sisted of one engineer, one fireman, and two auxiliary engineers. 
When unit No, 2 was placed in service an additional fireman‘was 
provided, bringing the total to five men. 

The engineer, in addition to his duties as turbine operator, 
handles all the electrieal, operations frequently performed in a 
separate control room. Synehronizing and breaker operation 
are controlled at the turbine-generator panel. This of course 
does not include operation of the substation which is by super- 
visory control by the system load dispatchers. 

Table 3 gives a list of the major equipment of Silver Gate Sta- 
tion unit No. 2. 


B. G. Hume.® The City of Los Angeles’ Harbor Steam Plant 
is located adjacent to the Los Angeles-Harbor. This plant was 
designed, built, and is operated by the Department of Water and 
Power, a municipally owned corporation serving the 450 square- 
mile area within the limits of the City of Los Angeles. This loca- 
tion was selected for a plant site as it afforded an ample supply of 
cooling water for a plant of large capacity, combined with prox- 
imity to the center of the city’s industrial load. 

Studies made in 1939, of the antic ipated growth of load on the 
system, indicated that it would be, necessary to add additional 


5 City of Los Angeles, Department of Water and Power, Los 
Angeles, Calif. 
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Feedwater heater No. 4 Foster W Corporation 
High-pressure, vertical, 4- ~pass, 2206 sq ftsurface. Steam from 7th stage 
extraction, 

Evaporator. ... Foster Wheeler Corporation 
Type H.P., single effect, with preheating and degassifying section. 
Capacity 12,000 1b per hr. Pressures: coils, 250 psi; shell 50 psi. 

Boiler feed pumps Ingersoll-Rand Company 
Three 850 gpm, 3! 568 rpm, 2880 ft total head, motor-drive n, barrel-type 
casing. 

feedwater regulators Bailey Meter Company 

Three-element control. 


Pirina, VaLtves, AND Frrrines 


Piping contractor...... Midwest Piping & Co. 
Chrom-moly ASTM A-280-46T 

Step-check Edward Valve Company 
Blow-off valves Edward Valve Company 
Boiler feed pump check valve. ee a a Chapman Valve & Mfg. Co 
Small high-pressare valves... kdward Valve Company 


Henry Vogt Machine Company 
Armstrong Machine Works 
Yarnall-Waring Company 


Steam traps. 


Equipment 

Main transformers. . . 

Two TCUL, 12.5/69 ky 

25,000 kva 
Station transformers 

Two 12.5/2.3 kv, 4500 kva 
Station auxiliary transformers 

Two 2400/240 volt, 750 kva 
Station lighting transformers 

Two 2400 (240,120 volt, 200 kva 
Generator oil circuit breakers 


Westinghouse Electrie Cor; > 


Westinghouse Electrie Corp. 
Pennsylvania Transformer 
Kuhlman Electric Company 
Kelman Electric & Manufac- 


turing Company 
Two 15 kv, 3000 amp 


2400-volt switchgear. General Electric Company 
Indoor type, metal clad 

220-volt power centers.......0 .... ITE Circuit Breaker Company 

Motors: 


Boiler feed pump Westinghouse Electrie Corp, 
Fans.... General Electric C ompany 
Circulating-water ‘pumps Westinghouse Electric Corp. 
Hot-well pumps Westinghouse Electric Corp. 
Compressors General Electric Company 


Equirment 


Chain Belt Company 
Ingersoll-Rand Company 


traveling screens 
Control air compressors 


Heater drain pumps. . Gace Ingersoll-Rand Company 
Fuel-oil booster pumps.... Byron Jackson Company 


Differential oil pumps United lron Works 
steam-generating capacity to the system by about 1943. This 
study of systern requirements indicated that more stand-by steam 
power would be needed in the form of spinning reserve, 
and that this type of operation probably would change to base- 
load operation as the number of steam units on the system in- 
creased. Therefore it was decided to build a new steam plant, 
the first two units of which would provide spinning reserve and, 
when required, carry system peaks or base load. 

Accordingly, orders were placed for two 81,250-kva units, the 
first to go into operation in 1943, and the second about a year 
later. The war interfered with this program, however, and the 
second unit did not go into operation until late in 1947. 

By 1946 it became evident that unless considerable additional 
generating capacity was added as soon as possible, there would be 
a power shortage in Los Angeles. Orders were then placed for 
three additional units having a capacity of 93,750 kva each. 

The curves in Fig. 8 of this discussion show the growth of load 
in terms of kilowatthours generated and kilowatt peak, respec- 
tively. These curves are extended beyond the year 1948, show- 
ing the probable growth of the load on the Department's system 
to and including the year 1952. Unit No. 2 was completed in 
November, 1947, just in time to prevent a serious power shortage 
Likewise, units Nos. 4 and 3 were completed in 
December, 1948, and February, 1949, respectively, in time to 
enable the department to help alleviate the shortage of power 
in California. ‘i 

There are five turbine-generator units now installed in this 
plant. The fifth unit will go into service in the near future. This 
will complete the plant to its ultimate rated capacity of 355,000 kw 
on the main units. Unit No. 1 and unit No. 2 each consists of a 
65,000-kw, 0.8-power factor (pf), 3600-rpm_ tandem-compound 


on the system, 
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turbine connected to a 81,250-kva, 60-cycle, 3-phase, 13,800-volt 
hydrogen-cooled generator. Units Nos. 3, 4, and 5, each con- 
sists of a 75,000-kw, 0.8-pf, 1800-rpm, single-cylinder turbine 
connected toa 93,750-kva, 60-cycle, 3-phase, 13,800-volt hydrogen- 
cooled generator. The nominal steam pressure and temperature 
at rated capacity is 850 psig and 900 F. Each turbine exhausts 
into a twin condenser, consisting of an exhaust .trunk connected 
to the turbine exhaust which dividés the steam and discharges 
it into two one-half size condensers located on either side of the 
foundation. This design permits low center of gravity and low 
siphon leg on the cooling-water outlet. 

Circulating water is supplied to each twin condenser unit by 
two vertical mixed-flow pumps driven by vertical splash-proof 
motors. 

The plant requires approximately 300,000 gpm cooling water. 
This water is taken from slip No. 5 of the harbor by means of two 


8-ft-diam precast concrete pipe tunnels 1200 ft long and dis- * 


charged into the West Basin through two similar tunnels ap- 
proximately 1400 ft long. The temperature of the water varies 


from 55 F in the winter to 70 F for a short- period of time in the 


summer: 

Each turbine is supplied with steam from one steam-generating 
unit. The first two boiler units installed have a rated capacity of 
570,000 Ib of steam per hr and a 2-hr overload capacity of 760,000 
lb per hr. The remaining three steam-generating units have a 
continuous rating of 650,000 Ib of steam per hr, with a 2-hr over- 
load rating of 825,000 lb per hr. These units are equipped to 
burn oil and gas and can be converted to burn pulverized coal 
at reduced rating if it should be necessary to burn the latter fuel 
“at some future time. 

All auxiliaries are motor-driven except for the emergency boiler 
feed pumps which are driven by steam turbines. The cyclé is a 
straight regenerative cycle with four extraction points. 

Horizontal feedwater heaters are arranged vertically, one 
above the other in the auxiliary bay, to provide positive drainage 
at low loads and to take care of surges when the load is suddenly 
increased. 

As the first two units were to be designed for either base-load, 
peaking, or stand-by service, they would have to be capable of 

carrying the least possible load when there was plenty of hydro- 
electric power available and to pick up full maximum load in- 
stantly at the time of an outage and carry it until such time as 
the system might be restored to normal, or to carry a base load 
for protracted periods of time during dry years or whenever the 
system load exceeded the capacity of the hydroelectric plants. 
For the latter reason, these two units were designed for good econ- 
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omy when operating on base load. The wisdom of building 
economy into this type of plant has been proved during the past 
power shortage, as it was necessary to operate most of the time 
on a base load. The performance of 10,900 Btu per net kwhr at 
the most efficient load has been realized from these units. 

When it became necessary to add the last three units, it was 
decided to eliminate the extreme requirements for stand-by opera- 
tion, imposed on the first*two units, by eliminating the excess fan 
and fuel-burning capacity built into the first two units. While 
the last three units afford considerable " starid- by power, if re- 
quired, they have not ‘been designed for the ve ry low load opera- 
tion, This was considered unnecessary because of the greater 
proportion of steam to hydroelectric power existing at the later 
date. 

Units Nos. 1 and 2 have been designed to operate on a mini- 
mum block load- of 5000 kw indefinitely and, when the occasion 
demands, assume full rated load instantly. In order to ac- 
complish this result, it was negessary to provide the following 
features in the design of the plant: 


1 Absolute minimum carry-over in the steam under all condi-. 


tions of operation. 
2 Wide-range burners. 

3 Positive, fast-acting fan control over a wide range. i. 

4 Positive superheat control over a wide range. . 

4 Positive, fast-acting automatic combustion control 

6 Positive heater drainage at all loads, * 

7 Automatic boiler feed pump control. 


The boilers were designed for a‘'mtnimum w ater-storage capac- 
ity of 3500 cu ft.- The controls were designed to maintain a con- 
stant steam pressure in’ the steam drei. A dry drum was pro- 
vided to prevent carrying over of any quantity of water to the 


turbine during periods of quick pickup and also to prevent carry- * 


over of solids into the saperheater and turbine during normal 
operation, This design provided maximum heat storage in the 
boiler and maximum steam pressure at the throttle when the unit 
Was operating on stand-by load. 

The fans and burners were designed to have about one and 
one-half times the required full-load eapacity in order that the 
unit could be fired at a rate high enough to enable the boiler to 
supply steam for the highest possible quick-pickup load and at 
the same tinie recover full steam pressure in the least possible 
time. 

These requirements made it necessary to install oil and gas 
burners having a maximum range of 15 to 1, and fan drives that 
could control the speed of the fans accurately enough for the 
automatic combustion control to function properly when the 
unit is carrying a 5000-kw load. At the same time, these fan 
drives had to be able to increase the rate of firing the boiler fast 
enough to enable the turbine to assume full rated load instantly 
without permitting the steam pressure at the throttle to drop 
lower than 750 psig. Motoregenerator sets with a modified type 
of Ward-Leonard control were the only system of fan drives 
available that would meet. these specifications. The turbines 
are designed to carry rated load on the minimum steam pressure 
and are proyided with a minimum steam-pressure load-limiting 
device that will cut back on load should the steam pressure fall 
below this value. ; 

Should an outage occur, the turbine is released automatically 
from the low block and instantly assumes approximately full 
rated load. This load is limited by the high-block limit device. 
The steam pressure in the boiler drum immediately begins to 
drop. The fans come up to the full speed and the fuel valve opens 
wide. Fuel is then fired to the boiler until steam pressure is re- 
stored to normal for the corresponding load. As soon as equilib- 
rium is restored, the high load limit is moved out of the way and 
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the turbine generator tan take load up to its maximum capabil- 
ity. 

Results of tests on the system show that the fuel valve opened 
wide in about 8 sec, and the fans came up to speed in 10 sec. 
During this time the steam pressure dropped from 1040 psig to 
770 psig. The steam pressure then began to rise until full oper- 
ating pressure was restored in 8 min. It was not possible to 
duplicate exactly an actual system outage. Hence the load 
pickup to 48,000 kw instantly, and to 58,000 kw in 40 sec was 
somewhat slower than would be the case should a system outage 
occur. 

Units 3, 4, and 5 depart from standard practice in one impor- 
tant respect, namely, the regulation of feedwater by controlling 
pump speed. Feedwater control in units Nos. 1 and 2 is accom- 
plished by means of a conventional throttling feedwater regulator. 
At low loads this results in extremely high pressures in the feed- 
water system on the discharge side of the pumps. It also results 
in a considerable waste of power at all loads. Economic studies 
indicated that the power saved by installing variable-speed hy- 
draulic drives would justify the additional cost, and expensive 
boiler-feed regulating valves could be eliminated. Furthermore, 
intangible savings in maintenance could be effected by eliminat- 
ing the high excess pressure on piping valves and heaters. 

‘The speed of the pumps is regulated by the boiler’s demand 
for feedwater. This means of control is very stable and no trouble 
has been experienced in regulating the level of the water in the 
drums in this manner. ‘s 


I. H. Kriec.6 To have constructed such an unusual station 
as Redondo in less than 18 months would have been a good record 
under any conditions, but the author has good reason to tell of the 
achievement so‘that others may know what can be done. 

The design and construction of a power plant on the seashore 
is indeed a challenge, and the response to that challenge’ has 
been unusual in the development of reversal of circulating water 
for control of mussels and marine organisms in the circulating- 
water system. The average power-plant operator has a healthy 
respect for what happens when the flow of water in even small- 
diameter short-length feedwater lines is stopped even without 
being reversed, but when the designer and operator must think 
in terms of 10-ft-diam tunnels that are each 1900 ft long, it takes 
courage and keen imagination to anticipate the many conditions 
which can arise to avoid the large losses in investment and out- 
age that anything else but complete success would entail. 

No doubt an entire paper could be written on the ingenuity 
called for in arranging for such quick load pickup, from 5 per cent 
to full load in 15 see, particularly when many operators ordinarily 
try to follow turbine-loading rates of perhaps 5 per cent of rating 
per min even when no steam-temperature change is involved. 
Further to plague the designer was the need of providing earth- 
quake protection, not only in the strueture but to insure that 
heavy masses would not start swinging out of phase with other 
lighter masses to which they are conneeted. This refers particu- 
larly to the intricate problems involved in supporting and damp- 
ing the vibrations in various parts of a piping system where a rela- 
tively light steam line is connected to a heavy nonreturn valve 
or a heavy turbine emergency stop valve that may weigh 5 or 6 
tons, 

Now that there are no great hydroelectric developments like 
Hoover Dam on the horizon to augment system capacity, the 
author states that future capacity is to be steam-driven. Fuel 
costs of 30 cents per million Btu are high to one accustomed to 
thinking in terms of 15 or 20 cents. This naturally develops the 
thought, expressed by the author, that the reheat cycle has a 


6 Consulting Engineer, Stone & Webster Engineering Corporation, 
Boston, Mass. Fellow ASME. 
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great deal to offer. This is particularly true of a system which 
has a great deal of steam-turbine-driven capacity, 20 years old 
and more, that is so economical for handling short-time peaks 
overlying & broad base of capacity to be supplied by very efficient 
units. In other words, where 35 per cent load factor had been 
commonly associated with steam units, a base is now beginning 
to develop where steam units in the future will have load factors 
of 60 per cent and over, even if the full-term life of the unit is 
taken into account. 

High fuel costs point the way toward more efficient units, 
offering a temptation to go to higher pressures and temperatures. 
High temperature is the element much more likely to place a 
limit on quick load pickup which is so important to the system. 
Reheat is fundamentally more conservative than the higher tem- 
peratures for an equivalent heat rate. For example, the reheat 
cycle is equivalent to approximately 150 F higher temperature 
in a straight regenerative cycle, and there is little doubt that 
a 950 F—950 F reheat cycle is more conservative than an 1100 F 
regenerative cycle at thé present time. 

When oil is the major fuel, high steam temperatures must be 
looked at carefully, if not askance, to avoid the very serious wast- 
age of exterior surfaces of tubes caused by vanadium pentoxide 
which has given so much trouble when used with tubes having 
external skin temperatures over 1100 F. 

The judicious pse of partial outdoor construction shows an 
appreciation of the advantages and also the limitations that 
such a layout affords. Where salt fogs are possible, protection 
against condensation in electrical equipment must be provided. 

Because Hoover Dam played such a large part in supplying 
the electricity needs of Southern California during the last two 
decades, considerable foresight and ingenuity should characterize 
the decisions to be made on capacity additions during the next 
decade as they will be mostly of the steam type. Further, the 
new plants must anticipate burning coal as well as utilizing gas 
and oil while it is still available. That this challenge is clearly 
recognized is evidenced by the author's statement: ‘With an ex- 
pansion of 760,000 kw in steam-generating capacity either con- 
structed or in progress since the end of the war, the power sys- 
tems of Southern California are determined that power supply 
to that area shall be in time and enough.” 

Avugnor’s CLosuRE 

Each of the discussions includes many interesting items which 
were not covered by the author and which add to the value of 
the paper. Mr. Gilg has described the features of the steam- 
generating equipment at Redondo most capably. Messrs. 
Hathaway and Hume have presented excellent discussions of 
Southern California generating stations whose basie character- 
istics were determined by the general conditions mentioned in 
the author’s paper, but which have individual features of design 
which were influenced by local conditions and preferences. Mr. 
Hathaway has included an able presentation of the arguments 
favoring the all-indoor station. However, these arguments 
should be balanced against the savings in construction costs of 
several dollars per kilowatt which are possible with semioutdoor 
construction. Mr. Krieg’s broad experience in the design of 
steam-electric generating stations makes his discussion particu- 

larly weleome. His comments on the advantages of the reheat 
cycle are especially pertinent. 

The downward trend in Southern California fuel prices, which 
was mentioned in the paper, has continued. As of October 20, 
1949, gas is 16.0 cents per million Btu and fuel oil is 20.6 cents 
per million Btu. There has been no significant change in the 
estimated cost of coal. 

The increased importance of steam power throughout the 
Pacific Southwest (Arizona, California, and Nevada) is shown by 
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the change in margin between installed hydro capacity and the 
maximum demand. Prior to 1940, under favorable water condi- 
tions, it would have been possible to carry the maximum demand 
of the area on the available hydro generation. By 1948, in spite 
of the addition of nearly 1,000,000 kw of hydro capacity, the 
demand was 1,400,000 kw more than the total installed hydro 
capacity, 
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In the Southwest in 1940 only 11 per cent of the power was 
generated by steam, whereas in 1948 steam power produced 38 
per cent of the kilowatthours for “the area. The increases in 
demand since the war, and the further increases Which are fore- 
cast in all estimates of future demands, indicate increased de- 
pendence on steam power for base-load generation throyghout 
California and the Pacifie Southwest: 


Comp_Letep Reponpo Steam Rear View 


‘Fie. 9 Repoxvo Steam STATION, Front View 
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Postwar Planning for Steam Capacity 
in Northern California 


By C. C. WHELCHEL! anp W. R. JOHNSON,? SAN FRANCISCO, CALIF. 


The estimated population for northern and central 
California on January 1, 1949, was 4,950,000. This repre- 
sents an increase since 1940, of 1,667,000 or about 51 per 
cent. The Pacific Gas and Electric system peak in 1940 
was 1,125,000 kw. In December, 1948, it was 2,050,000 kw 
under daylight-saving time. Standard time would have 
‘added 160,000 kw. If the current trends continue, it is 
estimated the peak in 1951 will be 2,633,000 kw. Planning 
the required steam-generating capacity to carry its proper 
share of this unprecedented load growth is discussed in 
this paper. 

INTRODUCTION 

VHE northern and central part of California served by the 
Pacific Gas and Electric Company comprises an area of ap- 
proximately 90,000 square miles with a population ap- 
proaching 5,000,000. Along with other sections of the West 
Coast, this area is experiencing an unusual postwar growth in 
population, in industry, and in the general level of business and 
agricultural activity. This growth is reflected in the increasing 
electric power load, and by the current construction program of 
the authors’ company, under which nearly 1,300,000 kw of new 
hydroelectric and steam-electric generating capacity will be added - 

to the resources of the area before the end of 1951. 

The purpose of this paper is to present the background leading 
up to this current expansion program, to discuss reasons for the 
location and amounts of steam capacity being added to the sys- 
tem, and to explain unusual technical features of these new plants. 


Loap GrowTH AND Power Suppiy 


The territory served with electric power largely by the Pacific 
Gas and Electric Company is a naturally coherent geographical 
area nearly 500 miles in length, and between 150 and 200 miles in 
width. The heart of this region is the great valley of the Sacra- 
‘mento and San Joaquin Rivers, bounded by the Sierra Nevada 
on the east, by the coast ranges on the west, and by other moun- 
tain groups on north and south. .The natural outlet for the val- 
ley, both geographic and economic, is through the San Francisco 
Buy region. 

In Fig. 1 certain features of this territory are shown, including 
its main watercourses, and le: ation of the company’s hydro and 
steam-electric power plants. The hydro plants, with minor ex- 
ceptions, are scattered along the western slopes of the Sierra 
.Nevada. They are located on many different rivers, progressing 
from the Pit in the north, down along the Feather, Yuba, Bear, 
American, Mokelumne, Stanislaus, San Joaquin, Kings, and finally 
the Kern River in the extreme south. Hydro developments by 
others are not indicated; notable among these omissions are the 

' Chief, Division of Steam Engineering, Pacific Gas and Electric 
Company. Mem. ASME. 

? Division of Hydro-Electric and Transmission Engineering, Pacific 
Gas and Electric Company. 

Contributed by the Power Division and presented at the Semi- 
Annual Meeting, San Francisco, Calif., June 27-30, 1949, of Tue 
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Big Creek development on the San Joaquin by the Southern 
California Edison Company, Ltd., the Shasta and Keswick 
powerhouses of the United States Bureau of Reclamation, the 
City and County of San Francisco plants on the Tuolumne, and 
various irrigation district projects. 

Steam-electric plants are indicated by solid triangles. They 
are located in the San Francisco Bay region, along the coast, and 
in the extreme southern part of the territory. Plants built, or 
under construction, in the postwar expansion program are indi- 
cated by a double triangle. : 

After a brief decline in the early 1930's, the consumption of 
electric energy has elimbed steadily upward. This is shown by 
the curves of annual peak kilowatts and energy in Fig. 2. During 
the war vears growth was accelerated. As the peak of war ac- 
tivity passed there appeared to be a slight decrease in the rate of 
growth, particularly in 1945 and 1946. It was commonly antici- 
pated, by business and government alike, that a return to prewar 
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trends would occur. The incorrectness of this reasoning is clearly 
indicated by the load growth experienced in 1947 and 1948. 
The system peak of 2,078,900 kw in 1948, represented an increase 
of 9 per cent over the 1947 peak; while 1947, 
crease of 13 per cent over 1946. 


showed an in- 


From 1940, the last prewar year, to 1947 inclusive, peak i 
mand increased from 1,125,700 kw to 1,906,200 kw. This in- 
crease of 780,500 kw in 7 years is a growth of 69 per cent, or an 
average yearly increase of approximately 8 per cent. 

In this same period the Pacific Gas and Electric Company 
brought 206,000 kw of hydro capacity and 100,000 kw of steam 
capacity into operation, a total addition of 306,000 kw. Also 
the United States Bureau of Reclamation brought into operation 
two units at Shasta Dam with a name-plate rating of 150,000 kw. 
The additions by the power company were projects well started 
and equipment largely manufactured prior to the war. Excep- 
tions were 32,000 kw of peaking capacity at Pit River No. 1, ob- 
tained by enlarging forebay capacity for existing units, and two 
small steam units in the Eureka area in 1946-1947. Orders for 
— two large steam units placed prior to the war in 1941, were held in 
abeyance in the interest of the over-all national defense program. 
These orders were reinstated at the end of the war, and both units 
went into operation during 1948 
orders were placed. 


seven years after the original 


In addition to the two large steam turbodgenerators and the 
smaller installations, just mentioned, planning for other new 
generation was pursued vigorously as the war period drew to a 
close. 
company’s control. Manufacturers found themselves swamped 
with orders for major equipment items; the wave of labor diffi- 
culties delayed production. Furthermore, the vagaries of nature 
brought subnormal rainfall during 1947, followed by the driest 
January and February, on record in 1948. 

In spite of the most strenuous efforts by the company, the 
effects of drought in reducing hydrogeneration and greatly incfeas- 
ing the agricultural irrigation pumping load, made necessary a 
power-curtailment program. This period was of short duration 
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way to restore adequate power margins and to serve the rapidly 


ergy sources for the company’s system from 1930 on, in per cent 


These | 
steam-capacity additions had been planned prior to the war as 
necessary to maintain the desirable steam-hydro ratio in the area. 
-2 Steam capacity required because of the changing economic 
steam-hydro ratio. The economic and other factors entering into A 
the optimum proportions of steam and hydro capacity have been 7 
. discussed fully in earlier papers. As the more favorable hydro- 
electric sites are developed,**! those remaining are more costly. . 


The program, however, faced serious delays beyond the 


A ., 1950 
owing to the combined effects of daylight-saving time, heavy 


PRII 
spring rains,’ power delivered from southern California, and . 
completion of new plants in northern California. The new 
plants brought irito operation at this time were the first major 
units completed in a postwar program of considerable magnitude. 


‘Tne Postwar Program 
A construction program of great magnitude is now well under 
growing needs of the area, The estimated net generation capacity 


increases, constructed and planned for the 1946-1951 period, 
are given in Table . 


TABLE 1 ESTIMATED NET GENERATION CAPACITY 


NCREASES— 1946-1951 


= 


Steam, kw Hydro, kw 
1046- Two additional units, Pit River No. 1 forebay a 
1947 boilers and improve- peaking increase on 
ments to existing existing units, 32000 
plant in the Eureka 
1948 Kern No. 1....... 75000 New Electra® 87000 a 
Hunters Point. ... 100000 West Point 13000 . in 
1949 Hunters Point... 100000 New Colgate* = = 23000 
Cresta 68000 ay 
1950 Kern No. 2...... 10000 =Rock Creek 110000 
Moss Landing... . 100000 Potters Valley—peak- oO 
ing increase on exist- 
ing units.... 4000 
1951 Moss Landing........ 100000 
Moss Landing........ 100000 d 
Contra Costa......... 100000 Total hydro, 337000 
Contra Costa... .. 100000 fi 
Contra Costa...... . 100000 ( 
Total steam..... 987000 4 © 


@ Replaces’ existing generation at the two sleuie totaling about 30,000 kw. { 

This program was decided upon after consideration of many e 
factors relating to the amounts of steam and hydro capacity to be : 
added. The basic reasons for the large proportion of steam genera- 
tion include the following: 


1 Steam-capacity additions postponed by the war. 


first units at Kern and Hunters Point are in this category. 


The | 


At the,same time technological improvements in steam-plant de- 
sign, such as larger unit size and higher efficiency, have tended to 
reduce the relative cost of steam. Offsetting this has been a 
However, the over-all result has been a gradual 
shifting of the economic steam-hydro ratio from approximately 
75 per cent hydro and 2. 


of each. 
This trend is illustrated in Fig. 3, Which shows the annual en- 


rising fuel cost. 


5 per cent steam to nearly equal amounts 


The energy shown coming from ‘other 
is almost entirely from hydroelectric plants owned by 


of the total for each year, 
sources” 
others. The proportion of energy from fuel plants is as low as 3 
per cent in 1935, and is seen to be increasing gradually, reaching 
36 per cent in 1947. However, the trend is partially obscured by 


the effect of variations in precipitation, both 1947 and 1948 


being below average. In such years the amount of steam energy 
is much greater than normal. 

3 Steam capacity for support of hydro developments planned 
by the company after 1951. 
3 “Aspects of Steam Power in Relation to a Hydro Supply,” 


A. H. Markwart, Mechanical Engineering, vol. 48, 1926, pp. 557-561. 
4**Mingled Hydro and Steam Power Production in Gai. 

Past, Present, and Future,”’ by A. H. Markwart, Trans. AIEE, vol. 

59, 1940, pp. 775-781.. 
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COMPANY STEAM PLANTS | 


SOURCES 
| 


FROM COMPANY HYDRO PLANTS 


PER CENT ANNUAL KILOWATT-HOURS 


1930 1935 1940 1945 1950 


Fic. 3) ExerGy Sources ror THE Pactric Gas 
COMPANY SysTeEM 


4 Factors in planning and construction. Nearly all new hy- 
dro developments require procurement of licenses und water rights 
involving Federal agencies and other interests. Until satisfactory 
agreements are reached on these matters, design and manufacture 
of the major equipment cannot be commenced, nor preliminary 
construction begun. 

Steam turbogenerators, on the other hand, do not have their 
design dictated by the site where they are to be installed. There- 
fore, orders may be placed and design commenced far in advance 
of the procurement of a satisfactory site. 

5 The company has always followed a policy of planning to 
facilitate the absorption of hydroelectric energy produced by irri- 
gation districts, the United States Bureau of Reclamation, and 
other agencies as a by-product of water-conservation projects. 
The prime importance of development and best use of California’s 
water resources have long been recognized. The company en- 
deavors to co-operate to the utmost in the utilization of incidental 
power from these projects for the greatest possible benefit to the 
project. 

System INFLUENCES ON Locations 


With some artistic liberties, the problem of load and power sup- 
ply on the company’s system for an estimated average water year. 
as of 1951, is shown in Fig. 4. Energy from hydroelectric sources 
is represented by the unshaded arrows, that which must be sup- 
plied from steam plants by shaded arrows, and the quantity of 
energy involved is proportional to the arrow width. It is rather 
apparent that major steam plants should be located in the south- 
ern and west-central portions of the area if transmission losses are 
to be minimized. 

Planning for steam plants of the capacities needed for this pro- 
gram required consideration of factors not involved in smaller in- 
stallations located in metropolitan areas where power may be fed 
directly into the distribution network. It is not feasible on the 
company’s system to take away the full output of a large plant 
entirely over distribution voltage circuits, nor can the large blocks 
of generated power be absorbed locally at periods of light load. 

In view of the foregoing the new plants were designed for sys- 
tem, as well as local area use, and it was necessary in each case to 
provide full-capacity outlets directly to the transmission system. 
With such outlets the general plant locations were determined 
after considering such factors as area power supply and load, ‘avail- 
ability of fuel, make-up water, condenser circulating water, foun- 
dation conditions, transmission outlets, and the possibility of 
future expansion. 

All four of the new large steam plants required construction of 
high-voltage transmission connections. This was accomplished 
for Hunters Point by means of 115-kv underground-cable connec- 


tions to a transmission substation in combination with power sup- 
= 


ply to a new 115-kv distribution substation in downtown San 


Francisco. The Kern plant connects directly to the 115-kv trans- 
mission by overhead lines to substations in the vicinity, and is 
provided with transformer auto taps to feed into the 70-kv sub- 
transmission. At Moss Landing two of the units will have auto 
tap connections tying into the 115-kv transmission lines, in the 
area, but all three units will have full-eapacity outlet by 230-kv 
lines to the San Joaquin Valley and the lower San Francisco Bay 
regions. While the other plants have connections to the 115-kv 
or subtransmission, the entire output of the Contra Costa plant 
will be transmitted over the 230-kv high-voltage network. 


KERN STEAM PLAnt®*® 


Agriculture has long been recognized as the basic industry in 
California and the one which in a large measure is responsible for 
the prosperity of the state. The San Joaquin Power Division of 
Pacific Gas and Electric Company, with headquarters at Fresno, 
represents over 70 per cent of the system’s agricultural load. In 
1946, the peak for this division was 415,000 kw. In 1948, it was 
578,000 kw. The estimate for 1951, based upon present trends is 
800,000 kw, which represents a 93 per cent increase above 1946, 
a 5-vear period, 

“Control is Centralized at Kern station,’ Electrical World, vol. 
130, Sept. 25, 1948, pp. 90-91. 

® “Centralized Control at Kern,’ Electrical West, vol. 101, 1948, 
pp. 79-80. 
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In the Jower end of this territory, power had been supplied 
from transmission sources, small hytiro ‘and steam plants, and 
from an interconnection with the Southern California Edison 
Company at Magunden. Upon termination of the Edison Com- 
pany’s interchange agreement in December, 1947, a replacement 
of this power source was required. Additional steam capacity in 
the Bakersfield area proved to be an economical means of replac- 
ing this supply, as well as providing for a portion of the load 


growth in the lower San Joaquin Valley. Since there are no* 


rivers in the area capable of supplying condenser circulating water, 
cooling towers must be used, and their make-up is supplied by 
wells, The use of cooling towers permitted the plant to be located 
on. a level 160-acre plot near oil refineries which supply fuel oil by 
pipe line. To those not accustomed to obtaining condensing 
water in this manner, it may at first seem strange to locate a large 
steam power station in an open field. That, however, proved to 
be most suitable for this station which is 5 miles west of Bakers- 
field on the Santa Fe Railroad. . 

The first main unit at Kern, which is rated at 75,000 kw, has 
been in commercial operation since May 10, 1948. A 100,000-kw 
second main unit is scheduled to be placed in operation during 
January, 1950. There will be two accompanying house units of 
6000 and 7500 kw, respectively. Each of the four boilers has a 
normal full-load evaporation rate of 450,000 Ib of steam per hr. 
These boilers are designed to burn either fuel oil or natural gas. 
\ general view of this plant is shown in Fig. 5. dl 

Moss LANDING STEAM PLANT 

Another important agricultural center, sometimes called the 
“Salad Bowl of America” because of its tremendous production of 
lettuce, celery, and artichokes, is located along the coast of Mon- 
terey Bay, with much of the business activity centering at Salinas. 
The agricultural lands here must also be irrigated by water 
pumped from wells. In this area at Moss Landing, a 270-acre 
site was selected as the location of a new plant in which three 
100,000-kw main units and three 7500-kw house units will be in- 
stalled initially. Asin the other stations, two boilers per turbine 
have been provided. An appreciable amount of the power from 
this plant will be used locally with much of the remainder nor- 
mally being transmitted east over the coast range mountains to 
the San Joaquin Valley in the general areas of Fresno and Bakers- 

field. 
Condenser circulating water will be drawn from Moss Landing 
Harbor and discharged into Elkhorn Slough to the north. Since 


Kern Stream PLanr 


THE ASME 


Elkhorn Slough is connected to the harbor, a careful study of the 
possible effects of recirculation was undertaken. It was con- 
cluded that while certain conditions of unfavorable tidal flow may 
result in some temperature elevation, this will occur infrequently 
and should not affect’ the capacity of the first three turbines. 
Operating experience with the initial installation will determine 
what, if any, further precautions must be taken when additional, 
units are installed. Fresh water for the station will be obtained 
from wells located.on the property. 

Fuel oil will be delivered by 120,000-bbI tankers through a sub- 
merged pipe line extending approximately 3500 ft out into Mon- 
terey Bay. A flexible hose at the sea end of this line will be taken 
aboard the tanker upon arrival and connected to the discharge of 
its unloading pumps. When not in use, the hose will rest gn the 
bottom of the sea. If conversion to coal operation should become 
desirable at this station, a spur of the Southern Pacific Railroad 
will be available for coal deliveries. There is ample space at the 
plant for the simultaneous storage of fuel oil and coal: Grading 
at the site was started in September, 1948. ‘ 


“Sration P,” Hunters Point’ 
Load growth in San Francisco and on-the Peninsula necessi- 


tated an increase in power supply, for this area. Studies indi- 
cated that this:could be obtained most economically by installing 


additional steam caphcity at Station P where space was avail- 


able und a good condenser circulating-water system had already 
been developed. The original unit at this station was placed in 
operation in 1929, and is rated 35,000 kw. 

The two new 190,000-kw main units and two 7500-kw house 
units are supplied steam by four new boilers entirely independent 
of the old unit so far as operation is concerned. Circulating water 
is drawn from San Francisco Bay. Fuel oil is delivered by barge 
or tanker toa filling line carried ona pier extending into the bay. 

Power generated by the new units is stepped up-to 115 kv and 

transmitted by high-voltage underground cable to the new Mis- 
sion substation in the heart of the city. Two 115-kv\ under- 
ground cables also connect Station P with Martin substation 
from where the power may be taken during light load periods over 
transmission lines to the system outside the city. . 
* The first new unit at Station P was placed’in commercial 
operation on December 12, 1948, and the second followed on 
January 25, 1949. Construction started in July, 1947, and about 
18 months were required to bring the first unit into operation. 


7 “Station Power, vol. 92, 1948, pp. 586-588. 
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Contra Costa STEAM STATION 


The most concentrated industrial area of the company’s system 
lies in the East Bay region and along the lower Sacramento and 
San Joaquin Rivers near where they empty into San Francisco 
Bay. The Contra Costa Station has been located in this area at a 
point 2'/, miles east of Antioch on the San Joaquin River. * 

The backbone of the electrical transmission system is the 230- 
kv network running the length of the great Central Valley and 
carrying power from the many hydroelectric plants in the Sierra 
Nevada to the principal load centers in the San Frantisco Bay area 
and below. The Contra Costa steam plant was placed astride this 
network. Its power will be used wherever required in the sys- 
tem, and its location on the San Joaquin River was, among other 
considerations, decided on the basis of availability of circulating 
water and proximity to fuel-oil supplies along the upper bay. 
Circulating water will be drawn from the river which, although 
subject to tidal action is still essentially fresh. It is believed that 
stratification and the large volume of water available will reduce 
the effect of recirculation during unfavorable conditions of tidal 
and stream flow. Fuel oil will be delivered by barge, tanker, or 
pipe line. Coal when and if required in the future can be de- 


livered to a spur of the Santa Fe Railroad entering the property. . 


The initial installation at this plant will includé three 100,000- 
kw main units, three 7500-kw house units and six steam genera- 
‘tors. All units are scheduled to be in operation during the first 
6 months of 1951. Construction was started in February, 1949. 


Power-PLANT DESIGN AND STATION EQUIPMENT 


The steam program outlined in this paper has been and is being 
planned and co-ordinated by the Pacific Gas and Electric Com- 
- pany’s engineering department but, except for the units at 
Eureka, the plant design and the construction are being carried 
out by others. Stone and Webster Engineering Corporation has 
this responsibility for Kern, Station P, and Moss Landing. 
The Bechtel Corporation has similar responsibilities in connection 
with the Contra Costa plant. 


Structure. In general, each of the four new steam stations is of 


semioutdoor design, with the turbine room and control bay en- . 


tirely housed. The boilers are protected by an umbrella-type 
roof of corrugated transite. The firing aisle is completely en- 
The buildings are of steel-frame construction with re- 
inforced-concrete walls and roofs. A plan and section of the 
Contra Costa steam plant are shown in Figs. 6 and 7. 


closed. 


Turbine Generators. Except for the two 1800-rpm Kern units, 
where delivery was a prime consideration, the remaining eight 
main turbine generators involved in this postwar program, each 
with a nominal rating of 100,000 kw, 15 lb hydrogen, are 3600-rpm 
machines designed for 1300 psig and 950 F. The turbines are of 
the tandem-compound double-flow condensing type and have four 
extractions to supply steam to the feedwater evaporators and the 
closed feedwater heaters. 
divided water boxes to permit part-load operation on one of the 
two circulating-water pumps. 

The eight accompanying automatic-extraction house turbo- 
generators are rated 7500 kw and are designed for the same steam 
conditions as the main units. They operate condensing with a 
single extraction opening supplying steam for the deaerating feed- 
water heater. ‘The house units are installed to provide an inde- 
pendent electric power supply for the vital station auxiliaries. 
They are simple rugged units expressly designed immediately to 
assume full load in the event of a system disturbance. Normally 
they will be in operation supplying extraction steam at a constant 

* 5-psig pressure to the deserating feedwater heaters. System 
frequency or voltage dips, severe enough adversely to affect station 
operation, automatically disconnect the main units from the 


The condensers are single pass with 


house bank. Thus, the main units will operate at whatever fre- 
quency and voltage the system can develop and will carry essen- 
tially full load. Meanwhile the house units furnish normal volt- 
age and frequency to the auxiliaries. 

A heat-balance diagram, which is typical of each of the eight 
main and house units at Station P, Moss Landing, and Contra 
Costa is given in Fig. 8, for the 100,000-kw load condition. 

Steam Generators. All steam generators included in this pro- 
gram are of the radiant type with tangent waterwall tubes in the 
furnace. Two different methods of superheat control are em- 
ployed. At Contra Costa and Moss Landing, a portion of the 
gases are by-passed around the primary superheater, and the 
position of the by-pass dampers determines the temperature of 
steam leaving the superheater. At Kern and Station P, the 
control is by means of a heat exchanger installed in an enlarged 
lower drum. Part of the steam leaving the primary superheater 
is passed through this attemperator and is cooled prior to mixing 
with the remainder. All steam then passes through the secondary 
superheater and thence to the turbines. Two different types of | 
air heaters are also employed. The first eight boilers in the pro- 


gram are equipped with tubular air heaters, whereas the last 
twelve use the regenerative type, wherein the heat-exchange éle- _ 
ments are exposed alternately to furnace exhaust gases and to in- 


coming air. 

The steam generators for Station P and Kern were designed 
for oil and gas fuels. Conversion to coal, should this become de- 
sirable, can be accomplished with some loss in capacity. At Moss 
Landing and Contra Costa, on the other hand, provision is being 
made for possible use of coal with full-capacity output. Not 
only is space being provided for installation of such auxiliary 
equipment as pulverizers, coal bunkers, and dust eliminators, but 
the steam generators themselves are provided with larger fur- 
naces to permit burning coal efficiently and without reducing the 
steaming rate. The difference in furnace size is illustrated by the 


heat-release rate, which for Kern and Station P is about 30,000 r 


Btu per cu ft-hr on oil at rated load. Heat release for the same 
conditions at Moss Landing and Contra Costa by contrast is ap- 
proximately 18,000 Btu per cu ft-hr. 

In addition to providing greater volume to permit the slower- 
burning coal to be consumed before the gases leave the furnace, 
greater space between tubes in the superheater is provided to mini- 
mize effects of slagging of these surfaces. The minimum clear 
space between tubes in the Kern and Station P superheaters is 
lin. The Moss Landing and Contra Costa superheaters have 2. 
in. clear. These more conservatively designed boilers are ex- 
pected to be able to stay on the line longer when burning oil fuel 
and thereby improve boiler reliability. 

Quick Pickup. All of the new steam stations at times will be 
operated at low loads on stand-by duty and may then be called 
upon to provide nearly full-load output in a matter of 20 to 30 sec. 
This quick-response .requirement is reflected in the selection of 
equipment. Boiler feed pumps and draft fans are operated al- 
ways at full speed immediately ready for full-capacity demand. 
This is achieved at some loss in cycle efficiency because of the 
need to resort to dampers, throttling valves and recirculation of 
boiler-feed-pump flow. The fuel burners and auxiliary equipment 
have a capacity range of 20 to 1 at Kern and Station P, and 10 
to 1 for Moss Landing and Contra Costa. All burners are always 
in service. 

Centralized Control. Centralized control is a basic feature of the 
general plant layout of each of the stations and the operator at the 


key point in the control room is in position to maintain visual — 


contact with helpers operating the principal items of equipment. 
He is able to see the main turbines, house units, and boiler feed 


pumps on the one hand, and the boiler firing aisle on the other. — 


In addition, he is aided in the operation of the plant by a very spe- 
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SURGE  950°F 
TANKS (300psia 
EVAPORATORS 


MAIN UNIT NO! | 


| 


HOUSE UNIT NO! 


| 


er FEED Pumps 


i MAIN UNIT NO 3 


BOILER FEED PumPSs 
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~ DOUBLE FACED ANNUNCIATOR 
BOILER NO3 BOILER NO 6 » 
BOILER NO? BOILER NO 5 
BOILER NO! BOILER NO 4 
Fie. 9 Controt Room at Moss LanpinG 


Control air-compressor auxiliary board. 
Fuel-oil control board. 
Individual boiler control boards. 
110-Kv control board. 
Generator and transformer banks. 
220-Kv control board. 
Fuel-oil heaters control board. 
Miscellaneous heaters control board. 
Ratio control board. 
Feedwater meter board. 
Master control board. 
Plant operator telephone booth. 
House-generator control bo; . 
House-turbine auxiliary control boards. 


Load-frequency control board. 
4.16-Kvy control board. 
480-Volt control board. 


System operator telephone booth. 


Excitation boards. 


2, 


125-Volt d-c station service switchboards. 


Soot-blower reducing-valves control board. 
Miscellaneous recording meter board. 
Miscellaneous pumps gage board. 
200-Lb reducing-valves gage board. 


Feedwater-pump gage board. 
Feedwater control board. 
Main generator ontrol boards. 


Electrical recording meter board. 
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cial annunciator system consisting of banks of large light-type Fig. 4 of the paper shows clearly the preponderant dependence 
indicators mounted above the various control boatds and on the — on hydroelectric power in the northern part of the system and 
control-room walls between the turbine and boiler rooms. By a makes evident thé strategic value of added steam capacity in the 
combination of horns and signal lights, he is warned of abnormal San Francisco Bay area: It is a-wise precaution to locate the 
operating conditions anywhere in the plant. By use of a color large steam plants where fuel oil is readily available by tanker 
code, the relative urgency of corrective measures is emphasized. delivery as the quantities of fuel are large. The Moss Landing 
At Kern and Station P two main units and their auxiliaries steam plant will produce a net output of 565 kwhr per bbl of oil 
are controlled from one room, At Moss Landing and Contra = when operating under full-load conditions, and approximately 
Costa three main units will be controlled from one room. A block — 12,800 bbl of oil will be required per day under these conditions. 
diagram of the Moss Landing Station with identification of the If the plant is operated ut the minimum capacity at which the 
individual control boards is shown in Fig. 9. turbines will be capable of quick pickup of load, approximately 
Station Auxiliary Power System. The primary auxiliary power — 1000 bbl of oil will bé burned per day without any net output of 
system in each of the stations is 4160-velt 3-phase. Theswitchgear — energy. 


1950 


APRIL, 


used therewith is metal-enclosed with magnetic-type air breakers. The steam plants have multiple boilers per main turbine-gen- 
The buses are connected in the form of a ring, one ring bus for — crator and this was decided upon, having in mind the require- 
each main generating unit. Each bus has connected to it, ahouse ments of quick pickup of load, the need to remove from time to 


turbine and a house transformer bank. The bus sections are con- time metallic adhesions on the furnace tubes resulting from oil 
nected together through a bus tie switch, allowing parallel opera- — burning, and the need to wash off occasionally deposits on the 
tion if hecessary. superheater tubes. Satisfactorily large water storage in the boiler . 


The secondary auxiliary-power-system voltage is 480 volt 3- steam drums is helpful to give accumulator action at times of 
phase, and isa selective radial type consisting of load centers located quick pickup of load, and multiple boilers are better’ in this 
at strategic locations around the plants. Each load center is  respect*than single equivalent large boilers. -In a completely in- 

. equipped with a number of 3-pole electrically operated air tegrated and compact system, as distinct from the central-valley 
breakers of proper interrupting duty. The main load centers are area with its long transmission lines, it would be desirable to 
supplied with power from 4160/480-volt stepdown transformers. come closer to the “unit principle’’ of one boiler per turbine gen- 
These main load centers supply power to other load centers — erator without cross-connections, in the interest of lower invest- 
scattered around the plant. Each center is sectionalized so that ment cost and operating simplicity. 


only one half the equipment is lost in case of a bus failure. The advantages of centralized control are apparent, and this 
Motors of 250 hp and above are connected to the 4160-volt has been a major factor in the general arrangement of the steam 
system, while smaller motors are connected to the 480-volt system. — plants. The operators have.direct vision from the central opera- 


In addition, the power for the lighting system is 3-phase, 4-wire, ting point to the key centers at the turbine generators, boiler 
216/125-volt, supplied by numerous small 3-phase lighting trans: — feed pumps, and house turbines. 
formers stepping down from 480 volts to 216 volts. Referring to Fig. 5 of the ‘paper, which shows the Kern steam 
plant, it is not entirely apparent that the two principal operating 
levels, main operating floor and ground floor, are each arranged 
The construction program outlined in this paper covers almost — at one continuous uniform level which adds to the convenience of 
1,000,000 kw of new steam-electric generating capacity which will — the operators and ease of maintenance activities. This plant is 
be added to the area before the end of 1951. This amount of — dependent upon cooling towers for cooling the condenser cireu- 
capacity’ clearly indicates the increased importance of fuel-burn- lating water. For make-up and other requirements at full-load 
ing plants to the Pacific Gas and Electric Company. Fromasys- operation, the water requirement is at the rate of 4000 gpm, 
tem standpoint, the new steam stations not only add generating .whjch is readily obtained from deep wells on the power-plant 
capacity, but the required interconnecting transmission lines and property. : 
switching stations will further contribute to system reliability. Fig. 9, the Moss Landing steam plant, shows the boiler- 
As integration and growth continues, the need for “quick pickup” . feedwater pumps located on the main operating level, and con- 
steam stations and multiple-boiler per turbine installation prob- sequently they are always under the observation of an operator. 
ably will tend to decline. The future trends of steam-station de- The house units also are located in readily observable positions 
sign here as well as elsewhere is expected to be in the direction of — and are easily accessible. Fuel oil for this station will come from 
simplification of equipment and plant layout and still lower station tankers having a capacity of 120,000 bbl and will be discharged 
heat rates. 


CONCLUSION 


by the tanker pumps operating at 125 psig pressure and will be 


. heated to 140 F, if necessary, in the tanker before delivery. It is 

Discussion expected that the tanker will be able to deliver up to a maximum 

pate of 8000 bbl of oil per hr through an 18-in. submarine »ipe and 

M. W. Carry.’ The authors give a clear presentation of the 4 24-in. on-shore pipe, extending to the storage tanks at the steam 
salient factors considered in providing additional electric power plant, a distance of approximately 1*/, miles. 

supply for the requirements in the great central-valley area of Arrangements in the steam plants are made with a view to the 


CaJifornia. The rapid rate of growth in peak demand in that safety and comfort of the operators, and primarily for reliability 
area is probably unprecedented in the United States for any — of service. 

comparably sized territory. It is of interest to note that the Prevention of trouble from mussel accumulation in the cireu- 
economies of the situation for the extensive territory served will Jating-water lines has received special attention at the Moss 
lead by 1951 to a 50-50 per cent ratio of steam and hydroelectric — Landing steam plant. There are two supply lines to each main 
power-generating plants. In the power developments recently — eondenser, and it is planned to circulate water warmed to 95 F 
completed since the end of the war in this.area, or now under back through one line at a time. The single-pass divided-water- 
construction, the added steam capacity will be three times as ox arrangement of the condenser is well-adapted for this opera- 
great as the added hydro power. tion. A routine backwash may be established for one condenser 


8 Senior Mechanical Engineer, Stone & Webster Engineering Cor- circuit per week end, resulting in a normal 3-week time cycle. 


poration, Boston, Mass. Mem. ASME. a as a longer cycle will suffice, and the usual chlorine concen- 
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for Kern steam plant and Hunters Point, the 
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same 


modern radiant-type boiler was selected, but at that time the oil- 
slag problem had been encountered, and special provisions were 
included in the design to reduce the possibility of an outage due 


The furnace was changed from the older 


stud-tube design to touching-tube design, in order to provide a 
cooler furnace and to eliminate the growth of furnace walls, 
caused by oil slag penetrating the refractory on the studded 


The tubes in the first two 


sections of the superheater were spaced far apart so that oil slag 


The superheater banks were made 


shallow in order to permit better cleaning by the soot blowers. 


Provision was made to water-wash the superheater, economizer, 


Drain hoppers were installed under all three of 


the war delayed the inet allation of the boilers, 


When it was necessary to 
purchase the boilers for Moss 
Costa, 
there was not sufficient operat- 


to determine if 


Landing and Contra 
ng experience 
the same improvements would 
render the units free from the 
increasing oil-slag troubles. As 
the degree of trouble due to 
this slag had increased through- 
out the country, it was believed 
that even greater precautions 
should be taken to insure con- 
tinuous operation. The possi- 
bilitv of future coal-firing re- 
quired that the furnace for the 
new stations should be larger, 
and automatically gave 
a lower temperature entering 
the tube bank with oil-firing 
used 


this 


than would have been 
normally for a straight oil-fired 
Fig. 10 of this discussion 
Moss 


job. 
shows the boilers for the 


Landing Steam Plant, with 
which the writer is familiar. 
The additional precautions 


against tube fouling were as 
follows: 


The front bank of super- 
heater tubes were placed on 
12-in. centers primarily to 


guard against coalslag 
troubles, but automatically, 
operation became safer for oil- 
firing. As the gas temperature 
was reduced and reached the 
second superheater section the 
spacing was changed to 6-in. 
centers which is adequate in 
this temperature zone to insure 
against tube-lane pluggage with 


“History and Performance 


ce tration for reduction of slime formation inside condenser tubes in 1941, 
id may be increased during the backwashing operation. 
he 
he C.H. Woottey.’ The Pacific Gas & Electric Company is very 
er progressive and has consistently purchased efficient and modern 4 the effect of oil slag. 
id designs of power-generating equipment in order to best serve the 
vil rapidly growing population. In 1938 the company with which 
ly the- writer is affiliated installed the first oil-fired radiant-type 
s, ‘boiler for P.G.&E. The single-pass principle of gas flow which re- tyes, as reported by V. F. Estcourt.” 
1g sults in low fan-power costs and improved operation was incor- 
ly porated in this design. When these boilers were designed, the — .ould not close the lanes. 
of serious fouling of superheaters with oil slag had not yet been en- 
countered in California; however, the front row of superheater 
a- tubes was staggered to form a 3-row slag screen. and air heater. 
e- When the next expansion of this company was contemplated — these units of equipment, 
0 * Proposition Division, Babeock and Wileox Company, New Unfortunately, 
ib York, N. Y. Mem. ASME. 37 72" wand they were not placed in operation until 1948. 
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either coal or oil slag. Experience has indicated that oil-slag 
pluggage becomes much less troublesome in the lower-tempera- 
ture zone existing after passing over two banks of superheater 
tubes, and it is probable that no pluggage would result if the 
tube spacing were reduced to 1 in. clear between tubes. How- 
ever, since fuel-oil slag has become progressively more trouble- 
some, it was decided to make the minimum clearance between 
tubes in the cooler section of the superheater, not less than 2-in. 
The superheater banks were made extremely shallow so that 
the soot blowers could penetrate the bank properly. Provision 


for water-washing the superheater, economizer, and air heater was 


also incorporated. 

The experience of the Pacific Gas and Electrie Company in its 
own plants and the boiler manufacturer’s experience in other 
plants in California, Florida, and elsewhere, were combined in 
an effort to design and build a boiler unit that would be as reliable 
as is humanly possible. If the hopes of the designers and opera- 
tors are realized in these new units, perhaps the availability 
records will permit the next expansion program to be of the 
single-boiler single-turbine design, resulting in a further simplified 
plant design and operation. 


Aur Hansen.'! This paper describes the power system of 
Northern California, and gives a clear, factual picture of the 
background and planning of the current expansion program: 

Normal rainfall in California varies from '/: in. per year in 
the desert area in Southern California to 114 in. per year in the 
northwest area. Water available for hydro-power generation in 
a dry year is about 40 per cent of a normal year. This can be in- 
creased to 60 per cent by the use of storage. Therefore there 
must be available enough steam-generating capacity to firm up 
40 per cent of the hydro capacity. 

As the power system grows, available hydro sites become less 
attractive from a firm power standpoint, a larger percentage of 
the capacity must be firmed up with steam, and initial cost of 
development increases. Only about 20-25 per cent of the con- 
sumers’ dollar pays for the fuel used in a steam-generating plant. 
Therefore steam generation will assume an increasingly greater 
share of the power load. 

Before the war the power company estimated the division of 
generating capacity as 60 per cent hydro, 25 per cent steam, and 
15 per cent from other sources. : 

At present (including current expansion) the ratios are 40 per 
cent hydro, 50 per cent steam, and 10 per cent from other sources. 

In the future, best estimates indicate the ratios should be 20- 
25 per cent hydro, 70 per cent steam, and 5-10 per cent from 
other sources. 

The peak-load curve of the P.G.& E. system from 1914 to date 
shows the effects of two world wars, drought periods, depressions, 
and business booms; but if a smooth line is drawn through this 
curve it indicates an average annual increase of slightly more than 
6 per cent. Inspection of the annual peak kilowatt curve in 
Fig. 2 of the paper shows no increase in 1938, and about 13 per 
cent in 1947, Therefore there must be enough spare capacity 
on the system to take care of such unpredictable increases in load 
as effected by war and business booms. ; 

1t Turbine Engineer and Specialist, Pacific District, General Elec- 
tric Company, San Francisco, Calif. Mem. ASME. 
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At the present rate’ of normal growth, the Northern California 
power system needs 200,000 kw of additional firm generating 
capacity every year, a large portion of which will be steam. 

Before the war P.G.& E. had about 100,000 kw capacity in oid 
steam units which were shut down and served as “cold stand-by.” 
It is clearly seen from figures given in the paper that these units 
had to be brought into service, and had to be. operated at high 
load factor during the war: When they are again. returned to 
serve as cold stand-by by ‘the current expansion program, 28 
per cent more electrical energy will be produced from the same 
quantity of fuel. Such improvement in efficiency tends to hold , 
down the cost of electricity in spite of rising prices on equipment 
and labor. It also helps conserve our resources. 

The authors mention that a power-curtailment program be- 
came necessary in the spring and early summer of 1948. During 
the 2-year period 1947-1948, the system-peak demand increased 
some 400,000 kw over the 1946 peak. Subnormal rainfall during 
this same period greatly reduced hydro generation and increased 
irrigation pumping load. During the actual curtailment, the load 
on the power system was 28 per cent greater than for the same 
period the preceding year, and in certain irrigation areas 400-1800 
per cent greater than during the same period of a normal year. 

By close co-operation of the power companies in the West, and 
pooling of their resources, plus effective use of daylight-saving 
time, the utility companies were able to pull through without 
interruption of service and with only a minor rationing program 
for a short period. This is an achievement of which they may be 
justly proud. 

When the interchange agreement with Southern California 
Edison Coimpany was terminated in December, 1947, some 
70,000 kw of firm power obtained from this source had to be 
replaced with new steam-generating facilities. However, the 
first new 75,000-kva unit at Kern near Bakersfield did not go on 
the line until May 10, 1948, so it was fortunate that the Southern 
California Edison Company continued to supply power on & 
nonfirm basis after the expiration date of the firm power agree- 
ment. 

The paper clearly brings out that irrigation pumping is an ever- 
increasing portion of the system load. This accounts for the 
August peak being equal to the December peak in a normal year, 
and will even exceed it in a dry year. The load factor for the 


July-August peak is 73-74 per cent, and for the December peak 


62-63 per cent. 

Centralized control of steam plants has considerable merit 
from an economic point of view. Reducing the operating force 
in a steam plant by one man per shift, effects a net annual saving 
of $15,000. Such a saving will justify a capital expenditure of 
about $120,000 for laborsaving features and devices. 

We have stated that the peak-load curve shows an average 
annual increase of a little more than 6 per cent. Some time in 
the future the shape of this curve must change, or the power 
company would have to double its capacity every 12 years. 
Iixperts claim there is a definité relationship.between the amount 
of rainfall in a certain area and the number of people that: area 
can support. According to this theory, the saturation point for 
the State of California is between 23 and 32 million. people. 
Therefore one might venture to guess or predict that the peak- 
load curve will continue at the present slope for another 12 years 
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The Design al Sew 
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~ 
By F. 


The author outlines the more important considerations 
leading to the design of the 100,000-kw unit at Essex and 
the four-unit Sewaren Generating Station. Outstanding 
features are semioutdoor boilers at latitude 41°; 1050 F 
steam temperature; a simplified plant layout, including 
the unit system; central control; shaft-end house genera- 
tors; and all-electric auxiliary drive. The improvements 
in calculated plant heat rates are shown for the progressive 
steps of the program. Some of the more important elec- 
trical and architectural features are described. 


HIS paper is concerned primarily with the new Sewaren 
Generating Station, but inasmuch as the Essex 100,000-kw 


unit was a definite step in the development of many 


Sewaren innovations and principles, the two may be considered , 


almost as progressive steps in the same program. 
PRELIMINARY STUDIES 


The Sewaren site, located on an arm of the ocean between 
Staten Island and the New Jersey coast in Woodbridge Township, 
was acquired by the Public Service Electric and Gas Company in 
1928. With outiet rights of way it consists of approximately 
150 acres, of which 35 acres 

Various studies of the method to be used in developing this 
site, together with probable capital costs and operating economies, 
had been made from time to time over a period of years. The 
essentials of the present layout first were developed in a pre- 
liminary way the latter part of 1944, at which time consideration 
was also being given to the removal of an old 22,500-kw unit at 
and the substitution of a 100,000-kw, 3600-rpm, modern 
“ unit in its place. 

Early in 1945, construction of a simple model of a unit station 
with semioutdoor boilers was begun. The purpose of this model 
was to provide better visualization of the unit principle of gener- 
ating-station design; and looking toward Sewaren in particular, 
it also incorporated outdoor-boiler-plant design and two-level 
operation. This preliminary model proved to be of considerable 
use in discussions with the operating department, executives, and 
others. 


sare used in the present development. 


Essex, 


GENERAL DescrIPTION 

In March, 1945, the work at Essex Generating Station in 
Newark, N. J., was authorized. The capacity situation was 
the time, but the installation was justified by 
economies to be obtained-which amounted to an annual saving 
of about 16 per cent of the estimated cost Of the installation. 
The final completed cost was roughly $9,300,000. 


-Essex Prosecr , 


uncertain at 


' Chief Engineer, Electric Engineering Department, Public Service 
Electric and Gas Company. Mem. ASME. 

Contributed by the Power Division and presented at the Semi-An- 
nual Meeting, San Francisco, Calif., June 27-30, 1949, of Tue Amert- 
CAN Society OF MECHANICAL ENGINEERS. 

Norte: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of 
the Society. Paper No. 49--SA-15. 
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“connections of any kind. 


247 


cating Station 
Station, Public 


It was decided to go ahead with the Essex installation with one 
boiler and one turbine, and to adopt all features of a complete 
unit system, namely, one boiler and one turbine generator with a 
shaft-end generator to carry all essential auxiliaries, without any 
cross-connections tying into other units in the station. Central 
control was also adopted as far as was possible in this installation. 

Essex embodied a considerable advance in the design of 3600- 
rpm turbines and generators. The turbine was the first 3600-rpm 
machine to use 23-in. buckets. These buckets were put 
through very thorough tests in a special test wheel before instal- 
lation on the spindle. 

Prior to the Essex installation, the largest 3600-rpm generator 
in existence was rated 65,000 kw. 
rated 95,000 kw and in addition to being the largest generator 
at that time, 


The Essex main generator was 


it was also the first to be designed for a hydrogen 


. pressure of 25 psi. 


Foreed- and induced-draft fans, air preheaters, and flue-dust 
collectors were placed above the boiler, out of doors. For this 
outdoor service the manufacturers, in co-operation with Public 
Service engineers, developed fans with air-cooled bearings, 
large motors of the totally enclosed fan-cooled type, and air-to- 
oil coolers for hydraulic couplings, to eliminate water-cooling 
In the interest of simplicity and the 
reduction of make-up, it was decided to omit the usual auxiliary 
steam header. This departure involved the development of a 
motor-driven condenser air removal pump, a satisfactory sub- 
stitute for the usual steam-driven auxiliary oil pump of the tur- 
the use of air soot blowing, and the elimination of the 
Commerical operation 


bine, 
reserve steam-driven boiler feed pump. 
of the Essex unit started in December, 1947. 


GENERAL DescrRIPTION—-SEWAREN PROJECT 


On January 21, 1946, authorization was given for the con- 
struction of a generating station at Sewaren, consisting of two 
100,000-kw units to operate at 1500 psi and 1050 F. These units 
were required to meet the system load as forecast for 1948. 
Substantial operating savings were indicated. These two units 
started commercial operation at the end of November, 1948. 
A time-table of important dates concerning two units 
appears in Table 1. 

A third Sewaren unit was authorized January 9, 1947, because 
of the rapid growth of load on the system. This unit is scheduled 
to operate in the fall of 1949. It is a twin of the second unit. 

On December 11, 1947, funds were appropriated for the 
purchase of the fourth turbine generator with step-up trans- 
formers at Sewaren, in order to obtain shipment early in 1951. 
No. 4 is similar to the first three units except that it will be rated 
at 125,000 kw, and will operate with reheat to 1000 FF. Prior to 
this time a 100,000-kw nominal rated turbine generator was the 
largest 3600-rpm single-shaft machine available. Studies in- 
dicated that the larger equipment can be installed in the space 
provided for the fourth unit without crowding, and that substan- 
tial fuel savings will result from the improved efficiency of the 
reheat cycle. 
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TABLE 1 TIME-TABLE TO DESIGN, BUILD, AND ERECT FIRST 
TWO 100,000:KW UNITS AT SEWAREN GENERATING STATION 
Starting dates 

Jan. 1946 
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Design 
Purchases: 
Turbine generators 
Boilers 
Erection in field: 
Excavation 
Pile driving 
Concrete. . 
Structural steel. 
Boiler: 
No. 1 
No. 2 
Turbine generator: 
No. 1 : May 1948 
No. 2. ir June 1948 
Commercial operation: 
Unit No. 1 Dee. 1, 1948 
Unit No, 2.... Nov. 30,1948 


March 1946 
May “1946 


th 


Jan. 1947 
March 1947 
May 1047 
July 1947 


Oct. 1947 
Nov. 1947 


The present estimated unit cost of the four-unit station is. 


$132 per kw for name-plate conditions. This includes all eleec- 
trical equipment to the high-voltage side of the transformers. 

The approach to the basic design of Sewaren was the same as 
I'ssex, namely, to develop the unit system to the greatest extent 
practicable. Here, however, as architectural and structural 
limitations did not exist, it was possible to accomplish much more 
in this direction. The Sewaren design makes use of all the fea- 
tures developed for Essex plus two-level operation, semioutdoor 
boilers, and central control of units in pairs. 


SEWAREN PLANT ARRANGEMENT COMPARED TO Essex 


The Essex unit -was installed in the area occupied for 32 
years by a 22,500-kw turbine generator and four boilers. Fig. 1 
is a view of the Essex turbine room with the new unit’in the fore- 
ground. No. 2 unit, next to it, is a twin of the original No. 1. 
The new equipment was arranged to suit the building; whereas 
at Sewaren, the building was designed to accommodate the 
equipment. 
difference. 


The cross sections of the two plants show this 
At Essex, Fig. 3, on account of limited floor area, 
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the fans, air preheaters, flue-dust collector, and stack are above 
the boiler; coal is brought from the existing bunker by conveyer 
to a hopper which feeds the pulverizers. : ; 

In contrast to this, the Sewaren auxiliary equipment is laid 
out as near ground level as possible, Fig. 2. The circulating- 
water pumps are at the screen well; the fans, air preheaters, and 
dust collectors are out of doors; 
foundations; the pulverizers are placed.under the 
The plant is spread out horizontally. . oe! 


the stacks are on separate 
coal bunker 


SevrouTpoorR BolLeRS 


The Sewaren boilers are of the semioutdoor type in which the 
building encloses the front and one side of each boiler. The 
exterior of the boilerhouse is shown in Fig. 4. The form of the 
building in the vicinity of the boilers is shown more clearly in 
the simplified sketch, Fig. 5. This type of construction saved 
about $1,000,000 in first cost of three units. Because of the 
smaller building volume and reduced heat radiation in the boiler- 
house, the building is easier to ventilate and keep clean. ‘ 

Boiler overhauls will be on an annual basis and will be scheduled 
for warm weather. By far the greater portion of the boiler- 
maintenance work is performed inside the boiler furnace, gas 
passes, and boiler drums. Arrangements have been made to 
keep the inside of the furnaces and gas passages warm during 
winter shutdowns, not only for maintenance work but also to 
prevent freezing of the superheaters. : 


BorLter DEsiGn 

The designs of the Essex and Sewaren steam-generating equip- 
ment are particularly adapted to each plant layout. At Essex, 
where the limitation was floor area, the steam generator and its 
auxiliaries occupy an area of about 70 ft x 60 ft. Coal hopper, ° 
pulverizers, coal piping, and burners are fitted compactly under 
the superheater, economizer, and uptake duct. Coal is brought 

* from the station bunker to the hopper by conveyers. , 
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The Essex boiler, Fig. 6, is a.two-drum radiant type, having a 
continuous rating of 900,000 lb per hr and a maximum rating of 
1,000,000 lb per hr for 4 hr with throttle conditions of 1250 psi 
and 1000 F. The slag-tap furnace, which has a volume of 47,800 
cu ft, is divided into tw6 equal volumes by a center waterwall 
having interconnecting ports in the flame area. Three hori- 
zontal ball-type pulverizing mills serve the twelve combination 
pulverized coal-mechanical atomizing oil burners. Outlet steam 
temperature is controlled by means of a spray-type ‘attem- 
perator placed between the two sections of the superheater. 
Auxiliaries include two forced- and two induced-draft fans, two 
Ljungstrém air heaters, an economizer, and an electrostatic dust 
collector. 

At Sewaren, where the design objectives included the sem 
outdoor feature, two-level operation, and the utmost simplicit 
the area occupied by the steam generator and auxiliaries 
roughly 160 ft xX 50 ft, about twice the area used at Essex. 
The drums and superheater outlet header are offset from the 
furnace so that they are housed in the building. This facilitated 
the semioutdoor design of the boilerhouse. 

Each of the first three Sewaren boilers, Fig. 7, is of the three- 
drum, radiant type, having a continuous rating of 850,000 lb per 
hr, and a maximum of 950,000 lb per hr for 4 hr with throttle 
conditigns of 1500 psi and 1050 P. The slag-tap furnace, which 
has a volume of 52,450 cu ft, is arranged for tangential corner 
firing at two levels, with combination pulverized-coal and oil 
burners vertically adjustable to permit positioning of the tur- 
bulent burning zone in order‘to obtain optimum slagging condi- 
tions on the walls and floor of the furnace and to effect a certain 
amount of superheat control. Final steam temperature is 
controlled by a damper which by-passes part of the furnace gases 
from the primary superheater to the economizer. As at Essex, 
there are three pulverizers, two Ljungstrém air heaters, an econo- 
mizer, and two forced- and two induced-draft fans. The dust 
collector is a combination mechanical-electrostatic unit, with the 


mechanical section ahead of the electrostatic. ‘+. 


Fie. 3 (lef) Cross Section, 
No. 1 Unrr—Essex 


Fic. 4 Semrourpoor 


TurBINE Desicn AND Heat Rates 


At its best point, the Essex unit has a calculated plant head rate 
(based upon turbine guarantees) of 10,400 Btu per net’ kwhr. 
Steam conditions are 1250 psi, 1000 F, and the turbine has a 
double-flow low-pressure cylinder, Fig. 8. This unit operated 
8149 hr of the 8784 hr in 1948 at an average turbine load of about 
97,800 kw. The capacity factor was 90.7 per cent. The average 
heat rate for the year was 10,500 Btu per kwhr, which is, approxi- 
mately the calculated rate for that load. The average circulating- 
water temperature was 60.6 F; average back pressure was, 1.36 in. 
Hg. The unit operates regularly at a rating of 110,000 kw. 

No. 1 unit at Sewaren is essentially similar to Essex No. 1, 
except that the steam conditions are increased to 1500 psi and 
1050 F. The improvement in heat rate is 4.6 per cent at the 
best point. This increment includes a one-point improvement 
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in boiler efficiency. The cross section of the turbine is shown in 
Fig. 9. . 

No. 2 and 3 units at Sewaren are similar to No. 1 unit except 
that they have triple-flow low-pressure cylinders. The improve- 
ment over No. 1 unit (Sewaren) is 1.4 per cent at the best point. 
The crogs section of the turbine is shown in Fig. 10. 


hic. 5 Skeren or Exrosep Parts or BorLers—SEWAREN 


No. 4 unit is similar to No. 2 and 3 at Sewaren except that it is 
a larger machine, and the steam is reheated to 1000 F. The 
improvement over No. 2 and 3 units is 4 per cent at the best 
point, Fig. 11. 

The calculated plant heat rates for the units are shown in 
Fig. 12. The heat-balance diagram for No. 2 and 3 units at 
Sewaren, Fig. 13, is typical. The system operates without a 
heater-drain pump. Although the diagram does not show it, 
the hot-well pump is of the re-entry type. The condensate re- 
entry is made after passing through the condensate cooler, genera- 
tor, hvdrogen and air coolers, and oil and miscellaneous coolers. 


CENTRAL ConTROL 


Unit design, with only one boiler per turbine, greatly facilitates 
central control in a modern electric generating station. For 
example, the control-panel areas of No. 1 unit at Sewaren com- 
pared with the corresponding areas of No. 6 unit at Burlington, 
a 125,000-kw cross-compound unit with two cross-connected 
boilers installed in 1943, show some interesting figures. At 
Sewaren there are 521 sq ft of panel in one location; at Burlington 
there are 695 sq ft in five separate locations. This concentration 
of control results in better co-ordinated operation and a reduction 
in operating attendance. 

The arrangement of the control panel at Essex is shown in 
Fig. 14. Care was taken to make it short so that the operator 
can see the maximum number of instruments and can reach the 
greatest number of controls with the least movement. Instru- 
ments and controls of lesser importance were placed on the end of 
the panel wings to make room for the more essential items on the 
front and center of the panel. While there is no distinct separa- 
tion between boiler, turbine, and auxiliary boards, the controls 
are placed on the panels in relative arrangement similar to that of 
The board is arranged so that, in the 
futire, it can be enclosed in a separate room. The plan of the 
Essex operating floor, Fig. 15, shows the location of the control 
In this installation the generator and electrical auxiliary 
supply controls were located in an existing electrical control 
room, 


the equipment controlled. 


board. 


The two Sewaren control rooms are tee-shaped, with the 
Fig. 16, forming the crossbar. The 
gperator sees the two turbine generators through windows just 
The other sides of the room, Fig. 17, 
are occupied by the panels controlling the turbines, boilers, and 
their auxiliaries. At the rear, there are two windows looking 
toward the boilers. There are three operators in the control 
Normally, one operates the electrical benchboard of two 


electrical benchboard, 


above the benchboard. 


room. 


| = 

. 

| 

dy 


TRANSACTIONS OF THE ASME 


ir 
i 


10 
ssace 


Fid. 7 Cross Section, No. 1, 2, 3 —SEWAREN 


| 


re 
~ 
| 
| | 
_- 


FAIRCHILD—DESIGN OF SEWAREN GENERATING STATION; NO. 1 UNIT, ESSEX STATION 


Cross Section, No. 1 


16. 10) Cross SeetioN, No. 2 anp 3 
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Fic. 11 Cross Section, No. 4 
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ESSEX NO | 
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HEAT RATE BTU PER NET KWHR 


TOTAL GENERATOR OUTPUT -1000 Kw 
12) PLant Heat Rates 


774,376 LB PER HR 
PSIA 
1050 F 


TOTAL OUTPUT 102,080 KW 
HEAT RATE 9,830 BTU PER KWHR. 


AUXILIARY 
GENERATOR 
TANDEM COMPOUND MAIN GENERATOR 6.125 
TRIPLE FLOW TURBINE 95,955 Kw kw 


’ 
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850,000 LB. PER HR 
STEAM GENERATOR 


. NO.24 TO 28 HEATERS 
HAVE INTEGRAL DRAIN 
COOLERS 


269 PSIA, 40,000 LB PER HR 
5.1 PSIA, 25,600 LB. PER HR. 


°235,700 LB. PER HR 


450 PSIA, 43,900 LB PER HR 
15! 36,000 LB PER HR 
74 PSIA, 30,800 LB. PER HR 
30.8 PSIA, 20,600 LB. PER HR 
17.1 PSIA, 21,100 LB. PER 
9.9 PSIA, 17, 700 LB.PER HR 
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units, and each of the other two operates the mechanical equip- 
ment of one unit. However, the operators are trained to handle 
both mechanical and electrical controls, and, at present, each one 
rotates around the three operating jobs in the control room. 
The control rooms are air-conditioned and soundproofed. 


Special attention was given to the lighting, particularly of the’ 


vertical panels, for which totally indirect lighting is provided 
by means of a cove and arched-ceiling design. In the areas 
between sections of arched ceiling, vinylite eggcrate plastic was 
used to provide a luminous ceiling, which avoids the contrast 
between lighted and unlighted areas which a. solid ceiling would 
have given. The final design was the result of studies made of a 
mock-up, erected in the basement of the Publie Service Terminal 
Building in Newark, N. J. : 

Each control room is situated at the center of the area occupied 
by the main equipment under its supervision, Figs. 18 and 19. 


PARTS 


The steels used in the pressure parts exposed to the highest- 
temperature steam are listed in Table 2. NN ine 
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TABLE 2 


Steam temperature 
Superheater tubes. . 


Steam piping... . 


Turbine valves..... 


STEELS USED I? 
HIGHEST-TEMPE 


9 Chromium 


1.3 Molybdenum 


.2'/4 Chromium 


1 Molybdenum 
0.14 Vanadium 
1.1 Molybdenum 


N PRESSURE PAR‘ 
SRATURE STE 


No. 1 
1050 F 
19 Chromium 
11 Nicke 
Titanium 
stabilized 
3 Chromium 
1 Molybdenum 
18 Chromium 
8 Nicke 
Columbium’* 
stabilized 


rs 
SAM 


DE SIGN OF SE WAREN GE NE R ATING STATION; NO. 


EXPOSED TO 


No. 2 and 3 
1050 F 

19 Chromium 

11 Nicke 
Titanium 

stabilized 

3 Chromium 

1 Molybdenum 

17 Chromium 

14 Nickel 
2 Molybdenum 
Columbium 
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At Sewaren, each unit has two welded joints between the aus- 
tenitic steel of the stop valves and the ferritic steel of the steam 
piping. As the stainless steel expands about 50 per cent more 
than the chrome-moly steel in the range from 70 to 1050 F, there 
was some concern about the adequacy of a welded joint between 
the two metals in heavy wall thickness. With the co-operation 
of the boiler, turbine, and pipe suppliers, a cyclic-heating test 
was made on several full-size, heavy-wall, welded pipe joints 
and ferritic This test has been des- 


between austenitic steels. 


stabilized 
17 Chromium 
14 Nickel 
2 Molybdenum 
Columbium- 
stabilized 
12 Chromium 
5 Cobalt 
3 Tungsten 
0.15 Molybde- 
num 


.0.14 Vanadium 2'/4 Chromium 
1.1 Molybdenum 1 Molybdenum 


Turbine cylinder... 


CRMO JOINT 


Turbine buckets. ....12 Chromium 13 Chromium 


LENGTH: 16” 


Nore: All compositions given in per cent of alloying materials. 3 Trawsirion Piece 
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- GATE HOUSE 
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PARKING 
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SCALE 


22) Sewaren Property Map 


eribed fully by H. Weisberg. ‘The Kelcaloy transition piece 
finally selected is shown in Fig. 20. The purpose of this arrange- 
ment is that the major portion of the interface between the dis- 
similar metals is longitudinal to the pipe rather than transverse, 
and therefore is subject principally to shear stress resulting from 
internal pressure or bending. If failure occurs at the joint 
between the two metals it should appear as a lap or lamination 
rather than as a separation straight across the pipe. The transi- 
tion piece is welded to the stop valves in the shop, leaving a 
ferritic weld to be made in the field. 

The spindles of the stop and control valves of No. 2 and 3 
turbines at Sewaren are cooled with steam from the intermediate 
header of the superheater. No. 1 turbine valves are not  pro- 
vided with any cooling arrangement. 


AUXILIARY POWER 


Shalt-end auxiliary generators are used to provide the essential 
auxiliaries with a direct source of power free from outside dis- 


2 “Cyclic Heating Test of Main Steam Piping Joints Between Fer- 


ritic and Austenitic Steels, Sewaren Generating Station,” by H. Weis- 
berg, Trans. ASME, vol. 71, 1949, pp. 643-664. . 


turbances, Normally, each auxiliary generator carries the es- 
sential auxiliaries of its own unit: It is rated 7500 kw at 2400 volts, 
80 per cent power factor, and is separately excited. The 2400-volt 
auxiliary buses of each unit can be fed either from the auxiliary 
generator or from auxiliary transformers connected to an outside 
source. The two are never paralleled. Relays: are installed 
to throw over automatically from generator to transfarmer in 
case of loss of voltage on the generator. Manual throw-over in 
the other direction is provided for transferring auxiliaries from 
transformer to auxiliary generator when starting up. 


AUXILIARIES 

Steam from the high-pressure boilers is used only to run the 
main turbines. All auxiliaries are electric-motor-driven. At 
Sewaren, steam for heating fuel oil, mixing chemicals, and heating 
the building is supplied normally from the evaporators. There is 
a heating boiler for use in the event of a complete station shut- 
down. Every effort has been mide to reduce make-up to a mini- 
mum. 

With the shaft-end auxiliary generator as the source of auxiliary 
power, the elimination of steamn-driven auxiliaries becomes a 


relatively easier step in station design. One of the problems in 
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Fic, 23) Connection DiaGrRam oF THE Four SEWAREN : 
GENERATORS 


this connection was the substitutian of motor-driven, positive- 
displacement, rotary vacuum pumps for the usual steam-jet 
ejectors for the removal of noncondensable gases from the 
condenser. , 

Before proceeding with this new departure, a Kinney pump of 
this type was tried out on No. 10 condenser at Marion Generating 
Station for about 1000 hr. This test revealed that most of the 
troubles were related to separating the lubricating oil from the 


rs 
829’ |O 


water vapor associated with the gases coming from the condenser 
air coolers. As these difficulties appeared to be surmountable, it 
was decided to use Kinney pumps at Essex because they offered = |_| O 16: O : 

a the following advantages over the steam-iet air pumps: (a) Suf- | Meas a 

ficient capacity at low vacuum to eliminate the need of starting | 
=. evactors; (b) adaptability to remote push-button starting and | H 
stopping; and (c) more complete removal of corrosive gases such eg 7 

as ammonia and carbon dioxide from the system, as there are no ¢ } 
intér- and after-condensers (or, alternatively, no wastage of con- sand 


densate to get rid of these gases). 
Tt was evident after a few months’ operation of the Essex pumps ’ 


that they would do the job and, accordingly, orders were placed \ 

for the ‘Sewaren pumps. Operating experience to date has con- 
firmed the expectation of satisfactory operation. a 
The traditional steam-driven auxiliary oil pump of the turbine Fic. 24 Pian or TrRaNsrorMER YARD—SEWAREN 
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25 .13-Kv ALuminuM Buses at SEWAREN 


generator was replaced by a full-capacity alternating-current mo- 
tor-driven pump, backed up by a smaller direct-current motor- 
driven pump operating from the station battery. This latter 
pump has sufficient capacity to bring the turbine-generator to 
stop if both main and auxiliary pumps should fail. 

The arrangement of auxiliaries at the lower operating level of 
Sewaren is shown in Fig. 21. This plan, which includes only the 
first two units, is typical for the second, pair. 


\ 


HANDLING AND STORAGE 


- Sewaren is designed for normal operation with water-borne 
fuel. The plan of the property, Fig. 22, shows the coal-unloading 
tower and breaker house, where the coal is sent either to the 
bunker or to the swing-boom tower for storage by tractor and 
carry-all. Both the dock and the unloading tower are designed 
so that in the future the unloading tower could be mounted on 
wheels and moved along the dock. Coal arriving by rail or re- 
claimed from yard storage is dropped into track hoppers feeding a 
conveyer to the breaker house. A 125,000-bbl fuel-oil tank is lo- 

cated north of the main building. as 


Principat ELectricat Features —-SEWAREN 


The ultimate connections of the four Sewaren generators to the 
system are shown in Fig. 23. Each generator feeds into the mid- 
point of a reactor which takes the outgoing current into two chan- 
nels. All switching is done between the generator and transformer 
at 13 kv, except for one 132-kv oil circuit breaker which ties to- 
gether two lines, closing a transmission loop when the station is 
shut down. The 26-kv circuits feed the area immediately adja- 
cent to Sewaren, while the 132-kv lines connect to the transmis- 
sion system for utilization in more remote areas.” Fig. 24 shows 
the arrangement of equipment in the transformer yard. - 

The 13-kv generator leads extend about 500 ft to the trans- 
former yard in 8-in. oilostatic pipes in tunnels on foundation 
slabs carrying station power and control cables in one case, and 
transformer track supports in another case. 

Placing the oilostatic cables in tunnels enabled the use of forced 
cooling, by means of which the copper cross section of the con- 
ductors was reduced from 12 to 6 million circular mils per phase, 
thus effecting a saving in cost and permitting the use of small 
easily handled cables. I Fore ced § air is used to cool the pipes in No. 


Bulletin, December, 


Fic. 26 Isotarep Phase Bus Leaps From Au XILIARY GENERATOR 
Sew AREN 


1 and 3 tunnels. For generator No. 2, the oil is circulated in the 


- oilostatic pipe by a pump and gives up its heat in an oil-water 


The forced cooling is required only in hot sum- 
Each generator has twenty-four 
mil oilogtatic cables, six in each 8-in. pipe. 

The aluminum bus® was adopted for the transforme or yard after 
a study showed considerable savings in its installation. Fig. 25 
shows portions of the square 13-kv aluminum buses. At the left 
they are tubular and at the lower right they are formed from two 
angle sections. A large portion of the savings lies in the use of the 


heat exchanger. 
mer weather. 


“Welded Aluminum Bus in Qutdoor Transformer of Sewa- 
ren Generating Station,"* by D. 'M. Quick, Edison Electric Institute 
1948. 
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newly developed inert gas-shielded are system of welding in lieu 
of the usual bolted connections. This is the first installation ever: 
made using inert gas-shielded-arc welding on outdoor buses of 
such heavy cross section. 

The isolated phase bus leads coming from the auxiliary gerrerator 
vo the 2400-volt service buses are shown in Fig. 26. A stovepipe 
bus comes from the main disconnecting switch to a potential 
transformer compartment and to the cross bus. Toward the 
right it terminates in a rectangular metal- clad enclosure feeding 
one of the 2400-volt auxiliary buses. 

Motors rated at 200 to 2000 hp are supplied at 2400 volts; 
between 25 and 200 hp at 440 volts; 5 hp are 
fed at 220 volts. These latter motors and the station lighting are 
supplied by air-cooled transformer load center units located 
throughout the station, Fig. 27. 

Totally enclosed motors have been used to the greatest extent 
practicable. 


those 
while those below 2 


SEWAREN GENERATING 


In addition to the fan motors already mentioned, 
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STATION 


all motors for the coal-handling system, boiler feed pumps, 
the cireylating-pump motors of No. 3 and 4 units 


closed. 


and 
, are totally en- 


BuILDINGS 


The architectural treatment of the buildings is simple and func- 
tional, with strong horizontal lines resulting from continuous rows 
of sash and glass block, Fig. 28. At the permanent end of the tur- 
bine room there is a visitors’ observation balcony which affords 
an outside view of the easterly end of the property and an inside 
view of the turbine room, The main entrance and lobby are at the 
permanent end of the service building. All the window sash are 
of aluminum, and the principal entrance doors are of stainless 
steel, 

The turbine-room roof is supported by arched girders rather 
The 


than by the conventional open-truss construction, tempo- 


rary end is covered with corrugated asbestos sheets secured to steel 


¢ 


surfac 
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girts. The coal-handling buildings are enclosed with flat transite , 


sheets. 
LIGHTING 


A high level of illumination is provided throughout the’station 
in the belief that it will yield dividends in better operation, safety, 
and general housekeeping. In this connection, special attention 
was given to the turbine room, Fig. 19. Combination incandes- 
cent-fluorescent units are-mounted flush against the bottom 
flange of the roof beams to form a continuous fixture containing 
sixteen 500-watt incandescent lamps with .control lenses, and 
sixty-four 40-watt fluorescent tubes, about 10 kw of lighting load 
per 
from the top of the crane. 
Summary 
The objectives in the Sewaren design were straightforward 
simple arrangement which with central control would simplify 
operation and make for minimum man power per kilowatt; a 
reasonably efficient cycle that would not be obsolescent at too 
early a date; and a simple building construction involving a 
minimum of maintenance throughout its life. 
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Appendix 


PRINCIPAL EQUIPMENT FOR No, 1, 2, AND 3 UNITs 
AT SEWAREN 


Turbine-Generators and Auxiliaries: 
1 Turbine-generator (Westinghouse), having nameplate data as 
follows: * 


Steam turbine, rated 100,000 kw, maximum 109,500 kw; initial 
pressure 1500 psi, initial temperature 1050 F, exhaust pressure 1.5 in. 
Hg, rpm 3600, 32 stages. 

Alternating-current generator, rated #21,176 kva, power factor 0.85, 
hydrogen pressure 30 psi, frequency 60 cycles, phases 3, voltage 13,100 
to 14,500, star connected, speed 3600 rpm. 

. Auxiliary alternating-current generator, rated 9375 kva, power fac- 
tor 0.80, air cooled, speed 3600 rpm. 

2 Turbine-generators (General Electric) each having nameplate 
data as follows: 


Steam turbine, rated 100,000 kw, 23 stages, speed 3600 rpm, maxi- 
mum capacity 108,500 kw, steam pressure 1500 psig, temperature 
1050 F, exhaust pressure 1.5 in. Hg abs. 

Alternating-current generator, hydrogen cooled, 2 poles, 60 cycles, 
3 phase wye-connected for 13,800 volts; rating at 15 psig hydrogen 
pressure 111,765 kva at 0.85 power factor, armature 4670 amp, field 
1040 amp, exciter 250 volts. Capacity at 25 psig hydrogen 117,647 
kva at 0.85 power factor; armature 4920 amp, field 1070 amp. 

Auxiliary alternating-current generator, rated 9375 kva, power 
factor 0.80, air cooled, speed 3600 rpm. 

3  Single-pass, divided water box, spring supported, welded steel- 
shell Foster-W heeler condensers with storage-type deaerating hot well; 
one 50,000 and two 60,000 sq ft surface, and 7/s-in-OD K No. 18 BWG 
aluminum brass and aluminum bronze tubes. 

9 Low-pressure, 2-pass, closed feedwater heaters (W. estinghouse), 
located horizontally in condenser neck. 

3  Low-pressure, 4-pass, closed vertical feedwater heaters; and 12 
high pressure, 2-pass, closed vertical feedwater heaters (Foster 
Wheeler Corp.) 

3 Condensate coolers, using salt water for cooling (Graham Manu- 
facturing Co.). 


Steam-Generating Units and Auxiliaries: 

3 Boilers (Combustion Engineering-Superheater, Inc.), each 
rated 850,000 Ib per hr continuous, 1500 psi, 1050 F throttle steam 
conditions, 52,450 cu ft furnace volume, 15,080 sq ft boiler heating 
vertie ally adjustable, firing burners, continuous 


Relamping and cleunirig are accomplished readily 


slag tap; 2-stage pendant, convection superheaters, 41,800 sq ft heat- 
ing surface; continuous tube, counterflow, 39,600 sq ft economizer. 

6 Ljungstrom regenerative air heaters (Air Preheater Corp.), 
104,350 sq ft. 

Superheater and economizer refractory walls, sectionally supported 
(M. W. Detrick Co., George Allen & Son). : 

3 Ash hoppers, 3 ash pumps and 1 dewatering bin, Allen-Sherman- 
Hoff Co. 

Ductwork, Connery Construction Co. 

Boiler and boiler gas-duct insulation, H. W. Porter Co. 

Hot air duct insulation, Chas. 8S. Wood & Co. 

Air soot blowers, automatic sequential operation, 
Power Specialty Corp. 

9 MHardinge pulverizers, 19 tons per hr; 9 raw-coal feeders; and 
9 mill exhausters, Foster Wheeler Corp. 

6 Variable-speed forced-draft fans, driven through hydraulic 
couplings, American Blower Corp. 

6 Air-cooled radiator for cooling oil of foreed-draft-fan hydraulic 
couplings, Young Radiator Co. 

6 Induced-draft fans, 2 driven through hydraulic couplings, 4 
‘louvre controlled, American Blower Corp. 

2 Fan-cooled radiators for cooling oil in the induced-draft-fan 
coupiings, General Electric Co. 2 

3 Stacks, double shell, radial brick, 225 ft high, 15 ft diam at top, 
M. W. Kellogg Co. 

Zeolite water softening system, Worthington Pump & Machinery 
Corp. 

3 E weqienaboen, 30, 000, Ib per, hr eac oh Q Foster Wheeler Corp.; 
I Griscom-Russell Co.). 
3 Evaporator deaerators, Worthington Pump & Machinery Corp. 


Diamord 


Coal-Handling Equipment: 

Unloading tower and barge puller, MeKiernan- Terry C orp. 

Bradford breaker, Pennsylvania Crusher Co. 

Conveyors, traveling tripper, and swing boom, Robins Conveyors, 
Division of Hewitt-Robins Int. * 

Conveyor belts, Thermoid Rubber Co. 

Magnétic separator, Ding’s Magnetic Separator Co. 

pe coset Merrick Scale Manufacturing Co. 

- Automatic coal scales, Richardson‘Scale Co. 

—Niees hoppers and stainless-steel chutes, Heilman Boiler Works; 
‘Allied Steel Products Corp. 

Gates in raw-coal chutes and at bunker outlets, Stock Engineering 
Co. 

2 Tractors, bulldozers and carryalls, Smith Tractor Co.; ° East- 
coast Equipment Co. 


Dust-Handling Equipment: 


Dust collectors, multiclone-Cottrell, Western Precipitation Corp. 
Fuller-Kmyon dust-conveying system, Fuller Co. : 
Redler conveyers between precipitators and dust-pump hopper, 


Stephens-Adamson Manufacturing Co. 


Variable-speed drives, Reeves Pulley Co. 
Screw conveyers between economizers and dust- -pump hopper, Link 


Belt Co. 


Star feeder valves, precipitator, and economizer heppem, United 
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Conveyer Corp. 
Dust-storage silo, Heilman Boiler Works P 
Pumps: 

6 Vertical, mixed-flow, 47,000-gpm, 345-rpm circulating-water 
pumps, Foster Wheeler Corp. 

6 Rotating-plunger-type, single-stage, 
1.5in. Hg, Kinney Manufacturing Co. 

6 Vertical, centrifugal 4-stage, re-entry type condensate and 
booster pumps; 2090 gpm at 517 ft head, 884 rpm; Worthington 
Pump & Machinery Corp. 

9 Horizontal, centrifugal 8- stage, 1115-gpm at 4,680 ft head, 3465- 
rpm boiler feed pumps, W orthington Pump & Machinery Corp. 

9 Variable-speed hydraulic couplings driving boiler feed pumps, 
rated 2000 hp at 3550 rpm, American Blower Corp. ~ 

4. Vertical, DeLaval, 2500-gpm ut 250 ft head, 1760-rpm agalt- 
water service pumps, Turbine E qaipment Co. 

3 Ash sluice pumpg, 2000 gpm at 25 ft head, Worthington Pump & 
Machinery Corp. 

1 Centrifugal fire pump, 1600 gpm, Gould Pumps,Ine. . 

1 City-water booster pump, 500 gpm, Gould Pumps, Inc. 

3° Vertical, DeLaval, rotary-screw, fuel-oil pumps, 140 gpm at 325 
psi, Turbine Equipment Co. 

* 2 Pumps for acid-cleaning system, 1000 gpm at 70 ft head, 
-W orthington Pump & Machinery Corp. 

9 Sump pumps, Quimby Pump Division, H. K. Porter Co. Inc 

2 Condensate storage tank pumps, Ingersoll-Rand Co. 

‘ Evaporator feed pumps, Gould Pumps, Inc. 


vacuum pumps, 550 cfm at 
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1 High-pressure chemical feed pump, Worthington Pump & 
Machinery Corp. 

4 Continuous chemical feed pumps, Milton Roy, Ine. 

2 Condensate return pumps, Worthington Pump & Machinery 
Corp., and Federal Pump Corp. 4 

1 Circulating pump for oilostatic cable cooling, Sier-Bath Gear & 
Pump Co., Ine. 

1 Laboratory vacuum pump, Schutte & Koerting Co. 

2 Fuel-oil-reclaiming pumps, Sier-Bath Gear & Pump Co., Inc. 


Air Compressors: 

4 Horizontal, single-stage, 150-cfm at 100 psi carbon-ring-control 
air compressors, Ingersoll-Rand Co. 

1 Horizontal, duplex, 2-stage, 660-cfm at 125 psi station-service 
air compressor, Ingersoll-Rand Co, 2 

2 Rotary, 2-stage, 1035-cfm at 120 psi soot-blower air compres- 

sors, Fuller Co. 

2 Horizontal, single-stage, 1000-cfm, 120 to 500 psi high-pressure 
soot-blower air compressors, Ingersoll-Rand Co. 

6 Dual-tower silica-gel air dryers for control air, Dehydraire 
Corp. 


1 Air receiver, 1000 cu ft, 500 psi, A. O. Smith Corp. 
*3 Air receivers, 60 cu ft, 250-320 psi, American Locomotive Co. 


Instruments and Controls: 
Three-element control of boiler feed pump speed, Bailey Meter Co. 
Automatic combustion-control equipment, Hagan Corp. 

* 160-point bearing and superheater-tube temperature recorders; 
and 90-point miscellaneous temperature recorder, Leeds & Northrup 
Co. 

Automatic control of superheater by-pass damper, Leeds & Nor- 

* thrup Co. 

Condenser-hot well-level control equipment,-Hagan Corp. 

Automatic fuel-oil pressure control, Hagan Corp. 

Yarway remote boiler-drum-level indicators, Yarnall-Waring Co. 

Boiler meters, Bailey Meter Co. 

Clear and bi-color gage glasses for boiler drums, Diamond Power 
Specialty Corp. 

Miscellaneous gage glasses, Ernst Water Column & Gage Co. 

Boiler-draft and pressure gages, Republic Flow Meters Co. 

Ashcroft Duragages, Hajoca Corp. 

COs, pH, temperature, and conductivity recorders, Leeds & North- 
rup Co. 

Industrial thermometers, Taylor Instrument Co. 
Piping: 

Main steam and high-pressure boiler feed piping, M. W. Kellogg 
Co, 

Intermediate and low-pressure piping, Midwest Piping and Supply 
(o.; Cornell & Underhill 

Circulating-water 48-in. reinforced concrete pipe, Lock Joint Pipe 
Co, 

Strainers, Andale Co.; Leslie Co. 

Insulation, Chas 8. Wood & Co. 


Valves: 

Steel gate and check valves, high pressure, The Lunkenheimer Co. 

Steel gate and check valves, Wm. Powell Co.; Walworth Co. 

Safety valves, Foster Engineering Co.; Manning, Maxwell & 
Moore Inc. 

Bleeder check valves, Schutte & Koerting Co. 

Boiler blowdown valves, Yarnall-Waring Co. 

Regulating valves, Bailey Meter Co.; Fisher Governor Co.; Swart- 
wout Co.; Schutte & Koerting Co. 

Pressure relief valves, Manning, Maxwell & Moore Inc.; Farris 
Engineering Co.; Foster Engineering Co.; Crosby Steam Gage & 
Valve Co. 

Iron valves, Crane Co.; Chapman Valve Manufacturing Co.; 
Darling Valve and Manufacturing Co.; Walworth Co. 

Butterfly valves for circulating water, Henry Pratt Co. 


Electrical Equipment: 5 

9 Reactors, single-phase, mid-tap, 5000 amp, “General Electric 
Co. 

4 Transformers, 85,000 kva, 13.2-132 kv, forced oil-forced air, 
Westinghouse Electric Corp. 

4 Transformers, 51,000 kva, 13.2-26.4 kv, forced air, General 
Electric Co. 

4 Station power transformers, 4000 kva, 26.4-2.4 kv, Moloney 
Electric Co. 

2 Station power transformers, 1500 kva, 2400-440 volts, Allis- 
Chalmers Mfg. Co. 

Lightning arresters, 15 kv (6 General Electric Co.; 3 Westinghouse 
Electric Corp.) 


Oil circuit breakers, 15, 34.5, and 132 kv, Westinghouse Electric 
Corp. 

Main generator leads of oilostatic cables, Okonite-Callender Cable 
Co. Ine. 

Auxiliary generator-lead housings, Railway and Industrial En- 
gineering Co. 
* Disconnecting switches 7.5, 23, 34.5, 132 kv, Railway and Indus- 
trial Engineering Co.; Delta Star Electric Co.; Pringle Manufactur- 
ing Co. 

228 Transformer cooling fans, Diehl Manufacturing Co. 

Metal-clad switchgear, 2400 and 440 volts, Westinghouse Electric 
Corp. 

Load centers, 220 volts, Westinghouse Electric Corp.; I-T-E Circuit 
Breaker Co. 

Storage batteries, 125 and 250 volts, Electric Storage Battery Co. 

Electric motors, 220, 440, and 2400 volts, 3-phase, 60 cycles, West- 
inghouse Electric Corp.; Allis-Chalmers Manufacturing Co.; General 
Electric Co. 

Mulsifyre fire-protection equipment, Grinnell Co. 


Miscellaneous: 

6 Sluice gates, operated by air motors, Coldwell-Wilcox Division, 
Krajewski Pesant Manufacturing Corp. 

5 Traveling water screens, basket type, Link-Belt Co. 

1 Traveling water screen with continuous screen cloth, Stephens- 
Adamson Mfg. Co. 

Chlorination equipment, Wallace & Tiernan Products, Inc. 

150-ton turbine-room crane, Whiting Corp. 

2 Boiler-house elevators, Otis Elevator Co., Westinghouse Electric 
Corp. 

Service-building elevator, Otis Elevator Co. 

Ventilation and air contlitioning, Buensod-Stacey Inc. 

Heating boiler, Cleaver-Brooks Co. 

Test Department furniture, Laboratory Equipment Co. 

DeLaval turbine and transil oil-purifying equipment, Turbine 
Equipment Co. 

Structural steel: Main building, Lehigh Structural Steel Co.; Tur- 
bine-generator supports, American Bridge Co.; Coal-handling 
structures, Morris, Wheeler & Co. 

125,000-bbI fuel-oil tank, Bethlehem Steel Co. 

Fuel-oil tank heaters, Griscom-Russell Co. 

Fuel-oil pressure heaters, American Locomotive Co. 

3 Water-storage tanks, 125,000 gal each. Bethlehem Steel Co. 

Equipment insulation, Chas. 8. Wood & Co. 


Nore: List of principal equipment for No. 1 unit, Essex Generating Sta- 
tion, was published in Taschen 1948, issue of Power, 

Designers, Electric Engineering Department, Public Service Elec- 
tric and Gas Company. 

Builders, United Engineers & Constructors Inc. 

Architectural consultants, Walker & Poor. 


‘Discussion 
C, B. Campse.u.‘ The author has presented a most interest- 
ing report on the background experience of his company, culmi- 
nating now in the modern Sewaren generating station, Certainly 
this is a plant whose continuing performance will be watched 
with great interest by all who are concerned with steam-power- 
generating problems. 
The author refers to the installation of new equipment to 
modernize Essex Station as a definite step in the development of 
many Sewaren innovations and principles. Actually, it seems, 
at the expense of greater length and detail, that he could have 
included the progressive developments previously made by his 
-company in its Burlington, Essex, and Marion generating plants 
as also haying contributed to the latest accomplishment. Taken 
in their entirety, this whole program presents an excellent chrono- 
logical picture of the progress in American steam-power-plant 
practice over the past 15 years. 
Table 2 of the paper lists materials used in pressure parts ex- 
posed to the highest-temperature steam for the specific units 


* Manager of Engineering, Steam Division, Westinghouse Electric 
Corporation, Philadelphia, Pa. Mem. ASME. 
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indicated by column htadings. It is believed there may be some , 
misunderstanding of these data on the part of those not inti- 
mately acquainted with details of design of the’‘equipment. We 


would like, therefore, to amplify this matter somewhat as regards * 


Sewaren turbine, unit No. 1. : 

While the main steam-piping system leading to the turbine is 
of 3 per cent Cr 1 per cent Mo alloy as listed, the inlet steam 
piping connecting the separately supported turbine control-valve 
chests to the several first-stage nozzle groups is of 17-20 per cent 
Cr, 9-13 per cent, Ni, Cb-stabilized steel. Higher alloy was 
selected for these inlet pipes in order to reduce wall thickness 
and the length of loop necessary to care for expansion and rela- 
tive displacement of the terminal connections. - 

In so far as the turbine is concerned, highest-temperature 
steam, that is, at 1050 F, is confined only to the throttle valves, 
control-valve chests, inlet piping, nozzle chambers, and nozzle 
blocks. Steam does not come into contact with the turbine 
cylinder proper until heat has been extracted by work performed 
in the first turbine stage, and its temperature even at maximum 
loading has decreased to approximately 970 F. It is this redue- 
tion from the maximum temperature of the steam supplied which 
permits the use of 2'/, per cent Cr, 1 per cent Mo alloy for the 
inner turbine cylinder. 

The throttle and control-valve bodies and bonnets are of steel 
forgings of the composition shown in Table 2 under ‘Turbine 
Valves.” Of thé parts enumerated in the preceding paragraph as 
being subjected to 1050 F steam, castings were used only for the 
relatively small individual nozzle chambers. These castings are 
of 16-18 per cent Cr, 11-13 per cent Ni, 1.75-2.75 per cent Mo, 
with Cb stabilizer. 


W. L. Cuapwick.’ The author has presented a valuable paper 
on an outstanding power station, a station which it was the writ- 
er’s good fortune to,inspect early in 1949. The Public Service 
Electric and Gas Company and its engineers are to be compli- 
mented on their courage and foresight in (1) pioneering the use 
of large units operating on steam at 1050 F, (2) the high efficien- 
cies obtained, (3) building semioutdoor boilers in a compara- 
tively severe climate; and further, for their ingenuity in simplify- 
ing plant layouts, centralizing controls, and in eliminating so 
many of the customary steam auxiliaries. Doubtless many of 
the new developments which are being field-tested and proved in 


Essex and Sewaren will soon be accepted standard practices. ; 


The increases in efficiency which the author reports are im- 
pressive, the No. 4 unit at Sewaren being expected to gain nearly 
10 per cent in efficiency when compared with the Essex unit, 
which latter unit is an efficient generator by any present stand- 
ard. This efficiency represents about 665 kwhr per bbl of oil 
on the Pacific Coast base of 6,250,000 Btu per bbl. Some of the 
newer stations being built throughout the country are designed 
for as much as 100 kwhr per bbl less than this 665. The tse of 
cight feedwater heaters in the cycle appears somewhat elaborate, 
but the efficiency and the station cost seem to justify that use. 
The use of triple-flow turbine exhausts to offset the higher ex- 
haust losses usually attending 3600-rpm designs is commendable. 

The clean simplicity of Sewaren’s unit design described by the 
author not only feduced first cosf, but should make for con- 
siderably greater operating reliability through elimination of: 
headers and manifolds with their multitude of fittings and valves, 
each of which is a potential source of an outage. The use of semi- 
outdoor boilers on the East Coast at a latitude of 41° is an inter- 
esting and bold step, but one which seems well-justified by a 
saving of $1,000,000 in construction costs of the first three units. 
The structure arrangement, which encloses the front and one 

’ Manager, Engineering Department, Southern California Edison 
Company, Los Angeles, Calif. Mem. ASME. . 
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side of each boiler, is ingeniously planned to give protection to 
weather-vulnerable equipment at minimum building costs. It 
is also notable that this efficient station is being built for a total 
cost of $132 per name-plate kilowatt. 

. The advances ‘in simplifying auxiliaries are also significant. 
The development of air-cooled bearings and fluid couplings, and 
of totally enclosed motors to facilitate outdoor operation is inter- 
esting and creditable: The use of motor-driven vacuum pumps 
to replace the usual condenser jets puts to test the results of con- 
siderable recent discussion and development with several valuable 
advantages. The air soot blowers and the consequent elimind- 
tion of many auxiliary steam lines also’tests in a major station 
other recent developments and is a progressive step. 

The Sewaren control system is efficient and convenient. The 
contrast which the author notes between the 521 sq ft of panel at 
one location at Sewaren and the 695 sq ft of control panel at five 
separate locations for a comparable unit at the Burlington Station 
is an interesting indication of the advantages of central control. 
The Sewaren design; which groups the control of each pair of 
units into a single control room is practical, convenient, and 
effective in reducing operating labor. 

Electrically, Sewaren is ingeniously fitted to special system 
requirements. 

The use of main turbine-driven house generators for auxiliary 


" power appears to be contrary to the current trend. Most of the 


newer steam stations supply auxiliaries for each unit as a separate 
group, as at Sewaren, but-use transformer banks, usually directly 
connected to the generajor leads, as auxiliary power sources. 

Lours Exsaore.s To one who knows the author of this paper 
and holds him‘in high regard, the’ description of Sewaren and its 
basis of design exemplify his tireless ‘application and his high 
competence, The writer is sure he will take pride, through the 
years to come, in the great’ plant to which he has given so much 
care and work, from the initiation of the project to the completion 
of construction. 

While the design incorporates many modern refinements and 
new developments, the unit cost reported —$132 per kw—is 
moderate. : 

The writer was interested in the reported reduction in total 
construction cost, by adoption of Semioutdoor steam: generators 
The saving is given as $1,000,000 for three units; this is at the 
rate of roughly. $3 per kw —which happens to be approximately 
the same unit saving as’ has been observed in other plants, 
achieved by similar reduction in structures. It is gratifying to 


see the adoption of this type of plant construction by a number’ 


of utilities operating properties in the East and Middle West, 
where severe winter conditions are experienced, as well as by 
companies in the West. The economy achieved is worth while, 
and the desigti should not entail serious difficulties in operation 
and maintenance, 

The next step in reduction of structures in steam-plant éon- 
struction involves use of an outdoor gantry crane, tramming over 
a low structure housing the turbine generator. This is figured to 
save around $3 per kw, additional, in plant cost. The third step 
calls for the installation outdoors of the turbine and considerable 
other equipment, with housing limited to that for control room 
and for protection of certain delicate equipment. The saving as 
compared with a fully housed plant may be of the magnitude of 
$10 or more per kw. 

A recent example of the third step in economy is a gas-burning 
plant just now going into operation in the South, with two 66-mw 
turbine generators each served by one steam generator. The 


¢ Consulting Mechanical Engineer, Ebasco Services Incorporated, 
New York, N. Y. Mem: ASME. 
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FAIRCHILD—DESIGN OF SEWAREN GENERA 
executives and engineers on this property are thoroughly in 
accord with the adoption of the design, and with its substantial 
savings. 

‘Many of the outdoor plants have been in the South, but a 
number of stations involving the second step in reduction of 
structures have been installed and operated in locations experi- 
encing winter conditions. 


Plants designed during the past 10 years, incorporating various 


‘types of outdoor and semioutdoor construction, have aggre- 


gated between 3,000,000 and 4,000,000 kw in capacity. The 150 
to 200 plant-years of successful operation of these stations have 
demonstrated the practicability as well as the economy of that 
character of design. 


C. C. Wuevcue..’ The author clearly explains the evolution 
of the Sewaren design over a brief but significant period starting 
with the Essex unit and ending with the reheat Sewaren unit 
No. 4. Through all, economic considerations have been a key- 
note as well as consideration of reliability, always aiming at the 
designers’ goal—the lowest annual cost. This entails not only the 
most careful cansideration of, initial capital and operating cost, 
but also efficiency. 

The semioutdoor boiler arrangement has proved to be a 
natural point of savings here in California and has been used for 
this reason for many years, but it would seem to present prob- 
lems, although not insurmountable, where winters are more 
severe, Serious operating difficulties were encountered this last 
winter at one of our plants when unprecedented cold weather 
resulted in the freezing of exposed control and gage lines. This 
brief contact with the freezing problem has instilled in us con- 
siderable respect for the problems which must have been en- 
countered in evolving the semioutdoor design for a colder seetion 
of the country. For example, a report has reached us of an ex- 
perience of a boiler-water level gage freezing on an operating 
boiler due to a severe building air leakage. We would be inter- 
ested in a brief résumé of methods used to avoid epld-weather 
difficulties at Sewaren, 

As pointed out by the author, the centralization of control 
results in better co-ordination of operations and reduction in 
operating attendance. It is apparent that this may have been 
carried to a practical limit. The designer must be aware that as 
long as equipment is functioning properly few operators are re- 


quired, The real test of adequacy is during and immediately 


after disturbances. : 

The effort expended to minimize required make-up is believed 
to be well-placed. It is probable that while this will show returns, 
as far as annual operating costs are concerned, little if any benefit 
can be derived in the sizing of make-up equipment. ° 

While the omission of the deaerating heater from the Sewaren 
cycle may have simplified plant design and operation, and in 
addition, resulted in a lower initial cost, it would appear that the 
hazard of feed-pump seizure due to flash may be introduced upon 
sudden load changes or condensate-pump failures. This problem 
has been solved satisfactorily in the case of pumps fed from the 
deaerating heater. 


7 Chief, Division of Steam Engineering, Pacific Gas and Electric 
Company, San Francisco, Calif. Mem. ASME. 
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Autuor’s CLOSURE 


The author thanks Mr. Campbell for the information clarifying 
Table 

With regard to Mr. Chadwick’s comment about main turbine- 
driven house generators for auxiliary power, the primary objec- 
tive, as stated in the paper, was to provide the auxiliaries with a 
direct. source of power free from outside disturbances. This is 
particularly important with pulverized-coal firing where there is 
danger of the fire being extinguished due to slowing down of the 
pulverizing equipment with a system voltage drop and relighting 
when the voltage is restored. We have had a number of trip-outs 
of high-tension transmission circuits due to dancing conductors 
caused by ice formation. In some instances these trip-outs have 
resulted in the separation of parts of the system and the loss of the 
main generators and their transformer-fed auxiliaries at our older 
stations. In using a shaft-end auxiliary generator supplying 
auxiliary buses not tied in with the main system nor the auxiliary 


' system of any other unit, we expect our auxiliaries to operate un- 


disturbed through the most severe disturbances. We realize, of 
course, that the ultimate in dependability is accomplished by a 
separate house turbine. The complication involved, however, is 
too great for the advantages gained. Also, our policy is to drop 
load rather than allow frequency to diminish. 

An important consideration was the size of the turbine-gen- 
erator unit. At the time that this station was designed, the upper 
limit of the rating of a single-shaft turbine-generator unit was de- 
termined by generator size. Thus the rating of the unit was in- 
creased by generating auxiliary power in a separate, shaft-end 
machine. 

In accordance with Mr. Whelchel’s suggestion, the following 
is a brief description of cold-weather precautions for outdoor 
equipment. The boiler drums, superheater outlet header, gage 
glasses, and safety valves are placed forward of the boiler and in- 
side the boiler-operating aisle. All stairways serving the outdoor 
boiler platforms are indoors. Silica-gel driers are used to remove 
moisture from the compressed air which operates control devices 
and other similar equipment. Soot-blower mechanisms and other 
control devices which are vulnerable to icing, are provided with 
covers or are placed in individual enclosures. Draft fan bearings 
are cooled by air flow induced by suction from the induced-draft 
side of the air heaters. Low pour-point lubricating oil of a rela- 
tively narrow viscosity range is used in bearings and hydraulic 
couplings, the same grade being used in winter and summer. Heat 
generated by slip of the hydraulic couplings of the forced-draft 
fans is transferred to the air entering the fans by means of radia- 
tors mounted at the fan inlets. In the case of the hydraulic 
couplings of the induced draft fans of No. 1 Unit, radiators with 
motor-driven fans are used for the same purpose. Air heater 
bearings are cooled with air supplied by a motor-driven fan. 

With reference to Mr. Whelchel’s comment about the omission 
of the deaerating heater, the feed pumps are protected against the 
hazard of seizure upon sudden load changes by a large storage 
hot well under the condenser which operates as a surge tank. 
This hotwell receives water from the head tank via the condenser 
deaerator when the level falls below a certain point. The system 
is protected against condensate pump failure by the same head 
tank which holds a five-minute supply of condensate available to 
the feedpump suction through a check valve which is held closed 
by normal pressure from the condensate pump. 
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On December 18, 1947, the largest 3600-rpm tandem- 
compound steam-turbine generator ever built up to that 
time was placed in service at the Essex Generating Station 
of the Public Service Electric and Gas Company, Newark, 
N. J. Since it was the first of a new class of turbine for 
both the manufactufer and the operating company, and 
since the throttle steam temperature was 1000 F, extensive 
tests were made to determine practical operation proce- 
dures for the new machine. These tests indicate that, 
even with the high steam conditions of 1250 psig this 
1000 F turbine generator can safely withstand starting and 
loading rates higher than those normally used. The 
operating instructions for this machine can be revised to 
take advantage of these characteristics. Additional data 
are needed for wider application to other machines and 
designs. 


INTRODUCTION 


TURBINE generator must be designed to operate safely 
iw efficiently for many years under conditions of high 

pressures, high temperaturés, and large centrifugal forces. 
Within 14 ft of the casing length of this particular turbine, the 
steam pressure changes from 1250 psig to 0.5 psia, and the corre- 
sponding temperatures change from 1000 to 80 F. The highest, 
circumferential speed is 1393 fps. 

With careful design, a turbine generator can be constructed to 
operate satisfactorily at a constant load under these severe condi- 
tions, but rapidly changing loads or temperatures impose stresses 
higher than occur at constant load. If all conditions of starting, 
load change, and steam-temperature change were imposed very 
slowly, the additional ‘stresses due to changing conditions would 
be insignificant compared to those of constant load. Since very 
slow changes are not practical, it is necessary to determine the 
effects of rapid load and temperature changes, design the ma- 
chine to withstand them, and then to specify, where possible, 
safe operating procedures during such changes. 

- Previous operating experience with turbine generators has 
shown that, without proper control, the length of starting time 
and rapid load and temperature changes may cause mechanical 
damage to the turbine or generator. To illustrate the importance 
of good operation, several of the extreme cases are mentioned here. 

Both the turbine casing and shaft may bow because of non- 
uniform cooling. after unloading, and the shaft may rub the 
labyrinth packings during the subsequent start and bow still more. 
The resulting unbalance can increase to such an extent that 
vibration may cause damage if the machine is handled improp- 
erly. This trouble has been largely prevented in later machines 


1 Section Engineer, Steam Turbine Engineering Division, General 
Electric Company, Schenectady, N. Y. Mem. ASME. 

? Engineer, Electric Engineering Department, Public Service 
Electric and Gas Conrpany, Newark, N. J. Mem. ASME. 

Contributed by the Power Division and presented at the Semi- 
Annual Meeting, San Francisco, Calif., June 27-30, 1949, of Tue 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—SA-28. 
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by rotating the shaft at very low speeds as the machine cools or 
is heated in preparation for starting. 

Since the rate of heat transfer to the various parts is greatly 
different, crushing of internal fits and surfaces may occur, and 
the resulting stresses may permanently distort the parts. 

When the rotor and stationary parts expand at different rates, 
‘mechanical contact may occur and wear the rubbing strips which 
minimize steam leakage. No serious mechanical damage will 
result from rubbing strip wear. 

An infrequent but unusually severe condition exists during 
emergencies when water slugs are carried over from the boiler. 
Thrust-bearing failures and permanent distortions may result. 

To reduce the possibility of such troubles, starting and loading 
rates have, in the past, been determined by experience. The 
tests described here, and recent tests of other investigators* 
indicate that, in some cases, those procedures of starting and 
loading are unnecessarily conservative, and may even be harmful. 
An adequate theory of starting and loading effects, substantiated 
by test data, should permit the establishment of more realistic 
operating procedures. Such information is important both to 
designer and operator. 


Description OF TURBINE GENERATOR 


Since the mechanical description of the machine has been re- 
ported separately,‘ only a few details will be mentioned here. 
The semisection of the turbine is shown in Fig. 1, and the outline 
of the turbine and generator in Fig. 2. Figs. 3 and 4 show the 
inner and outer high-pressure shells. The latter three figures also 
show the location of several of the instruments used in this 
investigation. 

The tandem-compound machine has a nominal rating of 100,000 
kw, and the steam conditions are 1250 psig and 1000 F. The 
high-pressure section has 19 stages with extraction connections 
from the 7th, 10th, 13th, 16th, and 19th stages. The double- 
flow low-pressure section is on the same shaft and has 5 stages 
with extraction connections from each of the two 20th, 21st, and 
22nd stages. 

The main generator is rated 111,765 kva at 0.85 power factor 
with 15 psig hydrogen pressure and 117,647 kva at 0.85 power 
factor with 25 psig hydrogen pressure. The house or auxiliary 
generator is air-cooled and rated 7500 kw at 0.80 power factor. 
Separate motor-driven exciters supply the field electrical require- 
ments. 

The turbine and two generators are coupled solidly to one 
shaft. The unit has an over-all length of 77 ft 7'/: in., and 
weighs 1,120,000 lb. 


Oxssects of Test 


It was expected that there would result criteria for optimum 
operation with respect to safety, economy, and flexibility and, 
further, procedures for operation during emergency conditions. 


* “Quick Starting of High-Pressure Steam-Turbine Units,” by J. C. 
Falkner, R. 8S. Williams, and R. H. Hare, Trans. ASME, vol. 70, 1948, 
pp. 201-209. 

‘The Design of Sewaren Generating Station and No. 1 Unit at 
Essex Station, Public Service Electric and Gas Company,” by F. P. 
Fairchild, published in this issue of the Transactions, pp. 247-266. 
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Particular attention was directed toward quick starting and high 
rates of load change, since it is sometimes desirable to start and . 
load or to unload a turbine generator very rapidly during emer- 
gency conditions, and since it is economical in man power and 
fuel to reach high loads as quickly as possible from a start. 
The specific objects of the test program were to determine 
= 


Steady-state conditions of operation. 

Effect of length of starting time. 3 

Effect of changes of load and throttle steam temperature. 

Effect of emergency operation, such as load dump and fast. 
pickup of load. 


5 Effect of preheating the generator field beforé or a 


THERMOCOUPLES ON THE OuTER SHELL oF THE HicgH-PRessURE 


‘Nomenclature is described in the 


TURBINE 


Appendix.) 


starting. 
rately 


The generator-starting tests are to be reported sepa- 


OrerRAtTION DurING Tests 


The operation of the turbine and generator during the tests 
followed normal procedures with the only exceptions of starting 
time, loading rate, throttle steam temperature change, 
generator heating as specified in the test program. The 
were made at the normal running clearances which have not been — 
changed since the unit was put in operation. 

The performance of the unit was observed closely, 
time was there evidence of any distress or unusual 


and 


tests 


and at no 
operation. 


® The generator preheating tests are expected to be the subject of 
an AIEE paper by F. W. Gay and H. D. Taylor. 
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appreciably from that of normal operation. This evidence in- 


dicates that the bearing alignment did not change ‘appreciably -, 


during the tests and that the turbine casing has been properly 
supported to reduce the effects of temperature changes. 

After 14 months of service, the exhaust hood was removed 
for inspection of the low-pressure turbine, and there was no 
indication of troubles caused by these tests. Only the last 3 stages 
of the high-pressure turbine could be inspected, and the rubbing 
strips on the bucket covers had just touched a diaphragm at one 
spot as had been expected at a time when the throttle sfeam 
temperature inadvertently was decreased to an unusually low 
value while certain feedwater-heater difficulties were being cor- 
rected. Time did not permit the removal of the high-pressure- 
turbine” Shell so that the i inspection of the remainde r of the high- 
pressure turbine was postponed. 


DEscrIPTION OF TESTS 


Constant Load. AJ)l data at steady-state conditions were 


TRANSACTIONS OF THE 


Neither the shaft eccentricity nor bearing vibration differed 
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measured at 16 test points with loads ranging from 37 to 117 


megawatts during the heat-rate tests in the period from February 
14 to 22, 1948. 

These data are plotted in Fig. 5. For simplicity, only about 
one third of the temperature me: usurements are shown. The 
locations of the thermovouples are shown in Figs. 3 and 4, and the 
nomenclature and instruments are described in the Appendix. 

Starting and Loading. Most starts were made from turning- 
gear speed after week-end shutdowns with initial .turbine tem- 
peratures of about 450 F. The total length of starting time, from 
turning-gear speed to synchronization, was decreased from 98 
to 22 min as the test progressed. The loading rate was in- 
creased from 0.5 to 2.75 mw per min from no load to a total load 
of either 40 or 110 mw. In general, the higher loading rates were 
made with the shorter starts. Ten tests of this nature were 
made. Data for a typical start and load cycle are shown in, Fig. 6. 

Throttle steam pressure was held approximately at the rated 
value of 1250 psig for all starting and loading cycles. For the 
average start, the throttle steam temperature was’ near 750 F; 


800} 
700 


I2uI 


INNER SHELL 
TEMPERATURE -°F. 


TEMPERATURE-°*F. 


> 


OUTER SHELL 


“~—GROSSOVER TEMP, 


sexnaust TEMP | 


SHELL & DIFFERENTIAL 
EXPANSION - IN. 
w 
8 


8 


| 


2. 


\ 


ast === 


Fine | 
20 


LOAD-M W. 


Fie. 5 TeEMPERATURE AND Expansion Data ror Steapy-StTate Conpitions, TAKEN Durine Heat-Rate Tests’ 


A 
THROTTUE STEAM. | Bi 
500 
50 60 70 80 390. oO. 10 
1000 QUSR [OUSR | 
| 
| 
| 
= > .600 
= 
th 
to 
th 
ca 
sh 
‘at 
as 


OUTER SHELL 
TEMPERATURE 


low. 


NEAL, RENT 


OIFFERENTIAL EXPANSION 


IN 


OPERATING CHAR 


60 MIN. START- 2.75 MW/MIN 


ACTERISTICS OF Till 100,000-KW ESSEX TURBINE 


LOADING O TO 110 MW. 


3.27 MW/MIN. UNLOADING 1!0 MW. TO 25 MW. 


THROTTLE PRESSURE 


100* THROTTLE TEMP CHANGE AT 25 MW 


OF II 
| @ 
<a 
las 
— z 
ous 
Sy 
a 
EXHAUST TEMP 
EXHAUST PRESSURE 
ow 


8 


8 


the load reached 110 mw. 
. shown in Fig. 6 is quite typical, except that the initial peak is 


Unloading and Stopping. 
‘ tn 3.27 mw per min from loads of 40 or 110 mw. 
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as soon as loading began it increased rapidly to about 973 F, 
_ then dropped rapidly to about 900 F, and then increased As the 
load increased, reaching 975 or 1000 F at about the same time 


The throttle-temperature change 


The exhaust-pressure change is quite typical. 


Unloading rates were varied from 0.5 


Fight unloading t 


For some tests, 


the unloading was stopped at 25 mw, and held until steady-state 
conditions were established. 


ests were made. 


From the typical unloading-test data in Figs. 6 and 7 it can be 
shown that the turbine cooling rates are low when the throttle 
steam temperature is held as high as practical. 
With normal operating procedure, the stop valve is closed 


TIME - HOURS 


about 20 min. 
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It is immediately put on the turning gear which 


rotates the shaft at about 3 rpm to prevent bowing because of 


nonuniform cooling. 


and no tests were planned-or made. 


Throttle Steam Temperature Change. 


The stopping cycle introduces no trouble 


The throttle steam tem- 


perature was changed to 100 F at rates of 50 F and 300 F per hr at 


a load of 110 mw and at 200 F per hr at a load of 25 mw. 
tests of this type were made. 


6 and 7. 


Load Dump and Fast Pickup of Load. 


The load was dumped 


Five 
Typical tests are shown in Figs. 


by opening the main- and auxiliary-generator circuit breakers. 
After a no-load period of from 3 to 15 min, loads of over 110 mw 


were picked up in times of 13 to 19 min. 


iary-generator circuit 


For one test, the auxil- 


breaker was not opened. tests 
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As a matter of interest, the maximum speed reached by the 
turbine was 106.1 per cent of normal. A calculated time of only 
0.85 sec is required for the turbine generator to reach 110 per 
cent speed after the circuit breakers are opened with full-load 
steam flow going through the.turbine. 


Test Resutts anp Discussion 


It would have been desirable to show more of the original data, 
but their volume made necessary the presentation of these few 
summarizing curve sheets. As an example of the amount of data 
obtained, a typical start and load cycle required about 7000 
separate observations of temperatures, pressures, and loads, 
together with the continuous records of load, four expansions, 
and throttle, crossover, and exhaust temperatures and pressures 


Heating of Turbine. A description of the temperatures during 


a start is of great assistance in understanding the heating which 


occurs. Although the internal steam temperatures were not 
measured, these test data and previous experience indicate that 
the values quoted are of the right order of magnitude. 

With the initial steam temperature at about 750 F during a 
start, and a calculated temperature drop of about 150 F in 
the first stage, steam will be supplied to the following turbine 
stages at a temperature of about 600 F. Steam of this tem- 
perature also leaks through the first section of the high-pressure 
packing and then divides to flow through the remaining sections 
of the high-pressure packing and between the inner and outer 
shells into the tenth stage or out to the tenth-stage feedwater 
heater. 

Then, during a start, the valve chest and first-stage nozzle 
box should approach 750 F, and the remainder of the forward end 
of the outer and inner shells should approach a temperature of 
about 550 F. At the tenth stage the steam temperature will 
drop by perhaps 200 F, so that that section of the inner shell 
should approach an intermediate temperature between the inner 
steam of about 400 F and the outer steam of about 600 F. The 
last 9 stages of the high-pressure turbine will approach tempera- 
tures averaging about 350 F. Although the high-pressure turbine 
tends to equalze in temperature during cooling, the data show 
that the low-pressure end is ‘usually about 100 F cooler than 
the high-pressure end. This distribution tends to match metal 
and steam temperatures. The first stages of the low-pressure 
turbine should approach a temperature of about 250 F, and the 
last stages should have temperatures ranging from 100 F to 250 
F, depending upon the length of the start. 

If the initial temperatures of the high-pressure turbine are 
approximately 450 F, there should be little change in turbine 
‘temperature during a start except in the valve chest and nozzle 
box. The initial temperature of the low-pressure turbine also 
should be little changed. Very short starts should then be pos- 
sible, since the turbine and steam are near the same températures. 
The test data indicate that a starting time of 20 min is satis- 
factory for this condition. 

If the initial temperatures of the high-pressure turbine are 
approximately 150 F, the start should be somewhat slower, since 
the turbine is cooler than the steam and heating will take place 
during the start. The longer start will permit the turbine to 
approach the 450 F equilibrium temperature for 750 F throttle 
steam. The test data indicate that a starting time of 50 min is 
satisfactory for this condition. 

If the initial temperature of the high-pressure turbine is 750 
F, the turbine should be started with 850 or 900 F steam to prevent 
cooling toward the 450 F equilibrium temperature which occurs 
with 750 F throttle steam. If the boiler cannot supply such high- 
temperature steam at the start, the starting time should be very 
short, followed by rapid loading to 30 or 40 mw. A starting time 
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of 10 min is suggested for this machine under these conditions. 

With the turbine at initial temperatures of about 450 F, some 
starts show very rapid temperature drops of 50 or 100 F at the 
steam chest and in sections of the outer shell near the inlet steam 
pipes, It is believed that more careful heating of the steam pipes 
and stop valve might prevent this cooling and so keep the sub- 
sequent heating gradients at a lower value. Further testing is 
necessary to establish the proper techniques. A similar effect 
occurs when the turbine is started with steam colder than the 
machine and this, likewise, should be avoided. 

Typical heating curves at several places in the turbine casing 
are shown in Figs. 6 and 7. An examination of the rate of heat- 
ing will give a measure of the stresses caused by the transient. 
With initial temperatures of the high-pressure turbine of approxi- 
mately 400 F and, during starts of 20 to 60 min, only the steam 
chest and two other temperatures on the inner shell show any 
appreciable change. All other temperatures rise only after load- 
ing starts. Fig. 8 shows the maximum rate of heating as a 
function of the rate of load increase. Not only does the maximum 
rate of heating vary at different places, but it occurs at different 
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times during the heating cycle. The steam chest shows its high- 
est rate when loading starts and as steam temperature rises 
very rapidly by about 200 F. The value of the 
maximum gradient in the high-pressure turbine occurs in the 
outer-shell flange 10 to 30 min after a load of 110 mw is reached. 
As an example of heating rates at a particular time, Fig. 9 shows 
the rates at a load of 50 mw during loading to 110 mw. 

With the initial temperatures of the high-pressure turbine at 
approximately 150 F, considerable heating takes place before 
loading. However, the maximum rates are not reached until 
after the loading starts. The preliminary heating is of such an 
amount that the subsequent maximum gradients are not greatly 
different from those that occur when a start is made from an 
initial turbine temperature of 450 F. 


lowest 


The heating data in Figs. 6 and 8 show that some of the tem- 


perature gradients in the turbine are very nearly the same as the 
temperature gradient of the steam. If the rate of increase of 
steam temperature were constant during the loading period, the 
maximum heating gradients in the shell could be reduced to about 
a quarter or third of the test values. — 
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A study of the calculated heat-transfer coefficients shows that 
the rate of turbine heating as the load is incréased should not be 
greatly different from the rate of cooling as the load-is decreased 
for the same change of load and the same rate of load change. 
The order of difference is probably about 30 per cent for the 
range of '/; to fullload. This occurs since, over that load-range, 
the range of temperatures caused by the load change is réla- 
tively small. However, when the turbine is started and loaded 
from room temperature, the temperature differences become rela- 
tively large. In stages which change from dry to wet as the load 
changes, the fate of cooling will be somewhat higher and the 
general relation given in the foregoing will not apply. 

Longitudinal and Circumferential Temperature Distribution. 
The relation between steam and shell temperatures is shown in 
Figs. 10 and 11, for loads of 35 and 117 Mw. Of particular interest 
is the effect of discharging the steam from the first section of the 
high-pressure packing through the outer shell at the tenth stage. 

_ This tends to keep that portion of the outer shell much hotter 
than the tenth-stage steam. The flanges on both inner and outer 
shells remain appreciably colder than the eorresponding cylin- 
drical sections of the shells. A large section of the inner shell is 
colder than the outer shell-at the light loads.. These effects can 

be explained as a rather complicated combination of the radia- 
tion from the stedm chest, heat transfer from the packing and 
valve steam leakage, and heat conduction through the inner shell. 

The circumferential temperature distribution was measured at 
several sections of the outer shell. At constant load, the largest 
difference around the shell was about ‘50 F. Differences of 
about 125 F were observed during both loading, and cooling 
cycles, Previous experience indicated that the differences during 
cooling would be much greater if the turning gear were not used. 

At one shutdown, the exhaust-hood manholes were opened 
shortly after the machine was shut down and with the turbine 
still on the turning gear. The ventilation with room air cooled 
the machine very rapidly. Temperature differences of about 
300 F were observed between top and bottom of the outer 

shell. Certain turbine parts cooled 500 F in 20 min with the 

major part of the temperature drop at the rate of 3000 F per hr. 

_ Such rates are considered to be undesirably high. 
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* value, which would cause rubbing. 


ture change at the 


Shell and Differential Expansion. Shell expansion is a measure 


of the average temperature of the shell and, during temperature 
changes, shows the speed with which the average shell tempera- 


ture approaches the steady-state value. Differential expansions 


are important since they indicate the relative movement of the — 


rotor and shell and show when rubbing can occur. 

The magnitude of the expansions for steady-state conditions is 
shown in Fig. 5. (For a more specifje description of how these 
expansions were measured, see the Appendix.) For transient 
conditions, the greatest change from the initial, steady-state 
values during load and temperature variations, is shown in Fig. 
With loading rates higher than 1.0 mw per min, the maxi- 
mum change for the No. 1 differential expansion is practically 
constant for either loading or unloading and is well below the 
No. 2 and No. 3 reach maxi- 
mum values of the greatest change and then decrease as loading 
rate is further increased, Since the clearances in the low-pressure 
turbine are relatively large, the higher maximum differences cause 
no concern. 

Such deviations of differential expansion are functions not 
only of loading rate but also of the size of the load change and of 
the initial temperature of the turbine (or the initial load). The 
maximum change of the No, 1 differential expansion is plotted 
in’ Fig. 13 as a function of loading rate. 
respectively. The effect of initial turbine temperature is large 
and shows why loading rates must be adjusted for this factor. 

With the longitudinal variations of shell and steam tempera- 


ture such as are shown in Figs. 10 and 11, the shell and differ-— 


ential expansions can be caleulated for the steady-state conditions 
and show reasonable checks with the measured values. For this 


The dotted and solid 
lines show the effects of load ranges of 0 to 40 and 0 to 110 mw, - 


purpose the turbine-rotor temperatures were estimated from the — 


steam and bearing-oil temperatures. 
An exact-caleulation of the differential expansion during tran- 
sients is difficult because of the irregular shapes, the wide varia- 


tion of steam velocities and’ heat-transfer coefficients, and the | 


indeterminate heat-transfer characteristics of metal joints of 
various types. From the measured differential expansions, 


. estimates of the over-all heating rates of both the rotor and shell 


can be made. 
expansions, maximum values of the differentials during transients 
can be predicted for any turbine of this type. The rates and pre- 
dicted expansions check well with previous experience. 

Change of Throttle Steam Temperature. A change of throttle 
steam temperature causes a change of turbine temperatures and 


With these rates and the calculated steady-state 


expansions. In some load ranges, these changes are much like the 
effect of a load change at constant throttle temperature. 

Since this machine has stage valves which by-pass the second 
and third stages starting at loads of about 93 mw, the change 
in temperatures and expansions is small for the load range from 
93 to 1L7 Mw. However, between loads of 37 and 93 Mw, a 
load change of 33 Mw at constant throttle temperature is some- 
what the equivalent of a throttle temperature change of 100 
F at constant load. It follows that a load change at the rate of 
1.65 Mw per min is similarly the equivalent of a throttle-tempera- 


just given. 

The data show that the differential expansions for a load change 
from 0 to 40 Mw are about the same as those for a throttle-steam- 
temperature change of 100 F. 

This concept of similarity is useful in analyzing and applying 
the test results, although it should be noted especially that local 
effects, such as heating of the steam chest and the first-stage noz- 
zle, are very different for the two types of change: 

Exhaust-Steam Temperature. During a start, the maximum 
temperature of the steam in thé exhaust hood oceurred just be- 


rate of 300 F per hr under the conditions — 
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(Solid lines show maximum change occurring during starting and loading. 


with initial turbine temperature approximately 450 F, and during unloading 
from full load to 25 mw. Dotted lines show maximum change during 100 
ln i F throttle temperature change at constant load.) 
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(Initial turbine temperature is shown as parameter. Solid lines show load 
changes from zero to 110 mw. Dotted lines show load changes from zero to 
40 mw.) 


fore the machine was loaded. . The exhaust-steam temperature 
rises because of the large rotation losses in the last stages. Since 
those losses are proportional td exhaust pressure, and since that 
pressure was changing rapidly and was not the same for all tests, 
the data show some scatter. However, in general, the longer the 
starting time, the higher the maximum exhaust-steam tempera- 
ture. The maximum temperature observed during a start was 
230 F, which is well below the recommended maximum of 250 F. 

At times it is necessary to operate a turbine generator at 
synchronous speed at no load. Although no tests of this nature 
were planned, operation for 30 min resulted in a temperature of 
225 F. The exhaust pressure at that time was about 1.5 in. 
Hg. Steady-state conditions had not been reached, and the 
temperature would have risen further had the test been con- 
tinued. 

Steam-Chest Temperature. The largest observed difference 
- between the throttle steam temperature and the outer surface of 
the steam chest was 300 F during a starting and loading 
period. Because of the high temperature drop from steam to 
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metal, the maximum temporary temperature gradient in the 
metal, calculated from the test data, was 270 F per in. which oc- 


curred when loading at 2 75 mw per min. 


At steady loads, the gradient would be about 18 F per in., 
and the stress due to temperature would correspond to about 
4500 psi in tension on the outer fibers and about the same amount 
in compression on the inner fibers. The calculated heat-transfer 
coefficient on the inside of the steam chest varied from about 3 
to 350. Btu/(sq ft) (hr deg F) as the load changed from zero to 


*maximum, 


Inner-Shell Temperature. The temperatures of the inner and 
outer surfaces of the inner shell were measured at two places 
near the discharge of the first stage. At high loads, the tem- 
perature of the inner surface was hotter than the outer, although 
the steam flowing over each surface was supposed to be at the same 


temperature. The difference is largely due to the high heat gain 


on the inside, the high steam velocity, and the large heat 
loss by radiation from the outer surface. The magnitude of 
the difference varied from 75 F at constant load to 115 F 
during loading, and 70 F in the opposite direction during un- 
loading, Fig. 14. The maximum temperature gradient in the 
inner fibers, as calculated from test data, was 54 F per in., 
and occurred during loading at the rate of 2.75 mw‘per min. 
This is only about twice the average gradient at constant load. 
The 75 F temperature difference would cause a stress of 
about 7300 psi in the cylindrical part of the shell and should 
cause little concern. The maximum temperature gradient at 
the inner fibers, of the inner shell will cause stresses of about 
10,500 psi. 


RATE OF |OO°F THROTTLE TEMPERATURE CHANGE AT 110 MW -°F/HR 
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Fic.°14. Maximum Temperature Dirrerence From INNER TO 
OUTER SurRFAcE OR INNER or Hicn-Pressure TURBINE AT 
First STaGe 


‘Solid lines: show effect of starting and loading, and of unloading cycles 

Dotted lines show effect of temperature changes at constant load. During 

unloading, direction of temperature difference reverses. Both positive, 
steady-state, and negative maxima .re shown.) 


Flange and Bolt Temperature. The greatest temperature 
difference between a bolt and its adjacent flange under steady- 
state conditions was about 30 F and was about the same for 
inner-shell studs and outer-shell bolts. During load and tem- 
perature changes, the maximum temperature difference between 
an outer-shell bolt and the adjacent flange was never more than 
60 F, Fig. 15(D), for a loading cycle and was smaller for an 
unloading cycle. The bolt was hotter than the flange, and this 
indication, to a large degree, may be becauise, the thermocouple 
inside the flange was not at the bolt center line, Fig. 18(E). 
Also the radiation from the hot side of the bolthole tends to heat 
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Difference between thin cylindrical section of outer shell and 
interior of adjacent flange. 
Difference between thin cylindrical section of inner shell and 
interior of adjacent flange. 
C Difference between thin cylindrical section of inner shell and 
outer surface of adjacent flange. 
LD) Difference between outer shell bolt and adjacent flange. 
E. Difference between inner shell bolt and adjacent flange. 
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15 Maximum Temperature Dirrerences During Loap 
CHANGES AT REPRESENTATIVE LocaTIONs IN TURBINE 


(Starting and loading data based on initial turbine temperature of about 
450 F 


Fig. 


the bolt faster than the flange, since the small space between bolts 
greatly restricts the flow of heat to the outside. It should be 
noted that the temperature of bolt and” flange were measured 
only at one point. 

The stress change with a bolt 60 F hotter than the flange 
would be about 12,000 psi with an incompressible flange and 
would relieve the initial tension on the bolt. Since the flange is 
compressed, the difference in stress may be reduced to about 
9000- psi. 

The temporary temperature differences between the hottest 
inner-shell bolt and adjacent flange were as large as +125 
F and —75-F, Fig. 15F, during a loading period, and the 
direction of the difference changed with loading rate. 
change is believed to be due to the relative amount of heat flow 
from the interior of the inner shell to the bolt. ’ 

Flange and Thin Section of Shell. The largest temperature 
differences observed in adjacent stressed parts were between the 
outside of the thin cylindrical section of the shell and the interior 
of the thick flange directly under the steam pipe (OU3R-OFT1) 
and oecurred during loading. 
15(A) as a function of loading and unloading rates. 


These differences are shown in Fig 


As with the expansions, the important variables which affect 
this temperature difference are (1) rate of load or throttle-tem- 
perature change; (2) magnitude of the change; and (3) initial 
turbine temperature. Fig. 16 shows the test points with the 
curves extrapolated to 5 mw per min loading rate for several 
initial temperatures of the turbine. The extrapolation is be- 
lieved to be accurate to about 75 F. ; 

If this temperature difference is considered to be a measure of 
stresses, very interesting inferences can be made from the relation 
of that difference to loading and unloading rates. 
starts with loading at the rate of 1 mw per min can be made 
safely from an initial temperature of 150 F, with resulting tem- 
perature differences of 450 F (from Fig. 16), 
at the rate of 5 mw per min will result in temperature differences 
of 530 F, or only 80 F more. Following the same argument, 


with initial turbine temperatures of 400 F or higher, loading 


If repeated 


then loading 
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Fic. 16 

DRICAL SECTION OF OUTER SHELL TO INTERIOR OF ADJACENT FLANGE 

Solid lines are for load 

Dotted lines are for load change from zero to 
40 Mw.) 


(Initial turbine temperature is shown as parameter. 
change from zero to 110 Mw. 


rates of greater than 5 mw per min can be made with no greater 
probability of trouble than for the start from 150 F and loading 
rate of 1 mw per min. 

The temperature differences for load ranges of zero to 40 mw 
‘and of zero to 110 mw are shown by the dotted and solid curves 
in Fig. 16, with initial turbine temperature as the parameter. 
Initial turbine temperature appears to have a more important 
effect than the amount of loading when it is considered that the 
usual steady-state throttle-steam temperature is 80 F lower 

- ata load of 40 mw than 110 mw. This is approximately the 
difference in temperature between the two sets of curves. 

The highest calculated average heat-transfer coefficients on the 
interior of the outer shell are 3.2 and 11.9 Btu/(sq ft) (hr deg F) 
for convection and radiation, respectively. The low value of the 
convection coefficient is due to the low velocity of the steam 
flowing between the two shells. 

The maximum temperature gradient on the inner surface, as 
calculated from the test data, was about 27 F per in., and 
was the same at the flange as at the thin section. This would 
correspond to the negligible stress of about 2000 psi. This stress 
affects only the inner fibers and is reduced progressively with 
distance from the inner surface. Other stresses, such as are 
caused by the difference between the temperature of the thin 
section of the shell and the adjacent flange, tend to distort the 
shell. The magnitude of these stresses and the amount of dis- 
tortion depend upon the configuration and size of the shell and 
are difficult to analyze. 

At steady state, the calculated average temperature gradient 
is about 5 F per in. in the thin section of the shell and about 
3.5 F per in. through the flange. Fig. 17 shows the calculated 


and measured temperature change of a thin section of the shell — 


and of the flange at the hot end of the outer shell as a function of 
time after start of loading. The agreement is good and repre- 
sents a sample of the analysis now progressing. 

Other Aspects of Test Results. The limitations of the tests must 
be realized. No temperatures were measured on the nozzle parti- 
tions, diaphragms, or rotor. The bucket and partition edges will 
heat rapidly because of the small mass and the high heat trans- 
fer and may cause permanent and undesirable distortions. The 
caleulated heat-transfer coeflicient of the first-stage nozzle parti- 
tion is about 1000 Btu/(sq ft) (hr deg F). 

It is known that the diaphragms will distort when heated or 
cooled rapidly. However, during the tests there was no evidence 
that the distortion was suflicient to cause the diaphragm pack- 
ings to rub the shaft. 

Temperature stresses in the shaft and wheels must be con- 
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SECTION OF OuTER SHELL AND INTERIOR OF ADJACENT FLANGE WITH 
Loap CHANGE From Zero To 110 Mw atv Rave or 2.75 Mw Per MIN 


(Initial temperature of turbine at start about 400 F.) 


sidered, and it is hoped that techniques will be developed for 
measuring temperatures of the rotating parts. Such data will 
complement the theoretical work which is now proceeding. 

Some effects of rapid changes of load or te mperature may 
result in small permanent distortions which may be cumulative 
and which may be measurable only after many cycles. 


Furure Test Procram 


Analysis of these data is continuing and, after further study, 
it is expected that additional tests will be. made at higher rates 
of load change and several initial turbine temperatures. : 

A similar 100,000-kw turbine generator but with steam condi- 
tions of 1500 psig and 1050 F, and a triple-flow low-pressure sec- 


tion has recently been installed in the Sewaren Generating Sta-, 


tion of the Public Service Electric and.Gas Company. The 
~ machine has been instrumented similarly since more severe steam 
conditions made temperature and expansion data even more de- 
sirable, Although the initial steam temperature is 50 F higher, 
preliminary data indicate that the outer shell is about 150 F 
cooler than that of the Essex turbine. This desirable end has 
been accomplished by an ingenious cooling scheme. It is ex- 
pected that complete results will be reported later. 


CONCLUSIONS 


Although the analysis is not complete, the following.procedures 
are justified by the test data and are consistent with previous 
experience. They are recommended specifically for the Unit 
No. 1 Essex turbine generator. 


1 In an emergency, a load of any size can be dropped in- 
stantly and, after no-load synchronous-speed operation for as 
long as 45 min, with 1'/. in. Hg absolute exhaust pressure, the 
turbine gener: itor can be loaded’ as fast as dry steam can be sup- 
plied. 

2 Conservative starting and loading practice is determined 
by the rates at which temperatures throughout the machine will 
approach their steady-state values. Recommended starting times 


- 


and loading rates are as follows: 
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Initial turbine Starting time, 
temperature, deg I min 
150 50 
4150 20 
THO 


Loading rate, 
mw per min 


The fate of throttle-steam-temperature increase should be 
made as constant as possible to reduce the temperature stress in 
the shells. 

3 Loading or iferease of throttle steam temperature can be 


done safely with respect to both expansion ang temperature * 


changes. , With the turbine at any steady-state load, load can be 
increased to any other load at the rate of 5 mw per min at con- 
stant throttle temperature, or throttle temperature ¢an be in- 
creased by 200 F at the rate of 500 F per hr at constant load. 

4 Unloading or decrease of throttle-steam temperature must 
be considered carefully since the rotor contracts faster then the 
shell. The cooling gradients are usually low and uniform. As 
long as Ury throttle steam is supplied, any amount of unloading 
can be dong at the rate of 5 mw per min at constant throttle 
temperature, or throttle temperature can be dropped 200 F 
at the rate of 500 F per hr at constant load. The safest un- 
loading procedure at any time consists of dropping all load in- 
stantly. During any unloading cycle, the throttle temperature 
should be held as high as possible. 

5 The generator starting tests will be reported else wher ‘red 
Ilowever, the test results show that there are no restrictions on 
starting time or loading rate of the generators, although it is 
recommended in the interests of longer life and lower maintenance 
that the main-generator field be preheated with a 850-amp cur- 
rent for 20 min immediately prior to > Ope r ation at speeds above 

1200 rpm. 


These recommendations for this turbine generator are con- 
sistent with those previously published by the turbine manu- 
facturer.*7 However, initial turbine temperature is now taken 
into account and the recommendations are supported by specific 
test data. 

After the remaining tests have been completed and analyzed, 
it is expected that these recommendations can be changed in the 
dirgetion of higher rates of loading or temperature change. In 
interpreting these load rates for comparison to other machines, 
they should be compared on the basis of per cent of rated load. 

The tests show that the Essex Unit No. 1 turbine generator is 
performing in accordance with design expectations both with 
respect to operation during transients and economy.’ Both the 
manufacturer and the operating company are.well satisfied with 
the performance of the machine and its service reeord. 


A ppendix 
THermocourLE NOMENCLATURE 


The thermocouple locations are shown in Figs. 3 and 4. 
Designation of each couple has been made so that its approximate 
location can be deduced. The first letter indicates the inner or 
outer shell. The second and third letters indicate location on the 
shell. The number indicates longitudinal position starting at 
the high-pressure end. The meaning of each letter is given as 
follows: 


® Discussion by G. B. Warren, Supplement to Trans. ATER, June. 

1942, pp 300 
“Steam Plant Performance on Fluctuating Loads Part IN 

Suitability of Modern Turbine Units,” by BE. BE, Parker and C. W 
Elston, Mleetric Light and Power, Chicago, HL, April, 1949. ° 

*“Heat Rate Tests Results of the 100,000-Kw Essex “Turbine 
Generator,”’ by Vinal 8. Renton and Stanford Neal, to be published 
alk this issue of the Transactions pp. 285 290 
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I Inner shell (or inside, if last letter) 
O Outer shell 

U Upper half 

L Lower half (or left side, if last letter) 
R Right side ° 

F Flange 

B Bolt 

C Steam chest 


As an example, OU8R would indicate that the couple was in the 


The special data required for this test were furnished by 4 
expansion indicators and 40 thermocouples. All other data were 
taken from station instruments. These were the net load, steam 
pressure and temperature at the throttle, crossover, and exhaust 
hood,*camshaft position, eccentricity of the shaft, vibration at 
each of the five main bearings, and turbine speed. The exhaust 
steam temperature was measured with three thermometers in 
the corners of the hood just above the horizontal joint. The ex- 
haust pressures were measured in the plane of the exhaust-hood 
discharge. 

The expansions were obtained by measuring the change in a 
magnetic circuit as the distance between the two pertinent parts 
changed. The instruments were the standard type usually sup- 
plied with General Electric Company turbines and were located 
at the positions shown in Fig. 2. One indicator was installed at 
the front bearing standard to measure the total expansion of the 
turbine shell from the exhaust hood to the front bearing standard. 
The No. 1 differential indicator was mounted at the coupling 


between the high- and low-pressure turbines and measured the ” 


difference in high-pressure-turbine rotor and shell expansion 


That difference was measured from the thrust bearing which is 
The No. 2 differential 
indicator was mounted near the coupling between the turbine 


located in the front bearing standard. 


FLEXIBLE |. 


STEEL 
SHEATH 


270) 


and the generator and measured the difference in expansion of 
the entire turbine rotor and shell from thrust bearing to genera- 
tor coupling. The No. 3 differential indicator was mounted at 
the coupling between the main and house generators and meas- 
ured the movement of the turbine and generator shafts with re- 
spect to the foundation. 

The difference between the indications of No. 1 and No. 2 is 
the difference in expansion of the low-pressure-turbine rotor and 
the exhaust hood. Since both the No. 2 and No. 3 indicators are 
essentially mounted on the foundation, the difference between 
their indications is the thermal expansion of the main-generator 
rotor less its elastic contraction in the longitudinal direction at 
speed relative to the foundation. When the expansion of the 
foundation is added to that difference, it is possible to deduce the 
average temperature of the rotor with a good degree of accuracy. 
The maximum thermal change in length of the generator founda- 
tion was small and was about 0.018 in. between room tempera- 
ture and that corresponding to steady state, full load. 

The No. 1 expansion indicator was in the exhaust hood in a 
steam atmosphere which occasionally reached 230 F, but no 
The other three indi- 
cators were in air at room temperature. The accuracy of the ex- 
pansion measurement is believed to be from 0.002 to 0.004 in. 
No. 2 


trouble was experienced for that reason. 


No. 1 and the shell indicators were calibrated in place. 
and No. 3 were calibrated before installation. 

The shell temperatures were measured with 40 chromel-alumel 
thermocouples which were covered with silicone-varnish-impreg- 
nated glass insulation and were 80 ft long. The high-tempera- 
ture ends of the couples were enclosed in stainless-steel tubing, 
and the junction of each couple was brazed to the tube, making 
a steamtight joint as shown in Fig. 18(A). The method of attach- 
ment of the couple to the shell is shown in Fig. 18(B). Fig. 18(C) 
shows the steamtight seal at the outer shell. The seal operated 
between steam conditions of 790 F, 400 psia and atmosphere. 
The steel sheath of each couple was brazed individually to the 


sealing diaphragin. The connecting pipe was made long enough 
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to project through the turbine lagging so that the brazed assembly 
connections could be inspected or serviced. For protection of the 


fragile inststion, the couples were enclosed in a flexible steel - 


sheath from the connection at the turbine to the potentiometer 


It was considered desirable to measure the temperature of the 


inner and outer surfaces of the inner shell at the first stage to 
determine the stresses due to unegual temperatures. The method 
-of measuring the inner surface temperature is shown. in Fig. 
18(D). The couple was inserted through the hole in the shell 
and brazed to the cylindrical plug. The assembly was then 
pulled back into the shell, and the plug was peened in place. 
This construction was rugged and has given no trouble. The 
bolt and flange couples are shown in Fig. 18(E), All thermo- 
couple potentials were measured by a self-balancing direct-read- 
ing potentiometer, which printed the temperatures at 4-sec 
intervals. 

The couples were calibrated before installation, and the po- 
tentiometer was frequently checked during the progress of the 
test. It was expected that the thermocouples and potentiometer 
have a combined error of less than 4 F. 7S 

Some troubles were experienced during the 14 months of 
operation, and four of the couples are now open-circuited. Based 
upon this experience, it is believed that a couple can be made 
which will give accurate temperature readings for several years. 
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Discussion 


J.C. FatkNer.” The tests on the Essex machine have con- 
firmed the Consolidated Edison Company’s tests on quick start- 
ing. That leading rates from 3.5 to 5 mw per min are safe is 
one of the most important conclusions of these tests, as many 
times we are faced with the n cessity of loading maehines rapidly 
to take care of sudden dark clouds, or thunderstorms. As the 
temperature of our high-pressure units after a 6 to hr shut- 
down will be at 700 to 800 F, the rate of loading as shown by the 
paper should be as fast as desirable. 

The Consolidated Edison Company of New York, like many 
other operating companies, had for years followed operating in- 
structions given by the manufacturers as to how fast a turbine, 
should be started, loaded, and what rate of steam-temperature 
change could be made safely during this starting and loading.. 
In April, 1946, the company, pressed by steam conditions, de- 
parted from the manufacturers’ instructions and began quick 
starting of high-pressure topping units. Since that time over 
200 quick starts have been made, and there has not been a singte 
instance where trouble developed during a start. There is every 
indication that the method is much better -+than that originally 
given by the manufacturers. However, after quick starting, a 
limitation of 100 F per hr rate of temperature change was main- 
tained during loading. Loading rates have been held to values 
of |), to 1 mw per min after an initial loading of 4 mw. If the 
initial temperature of the turbine casing is 150 F or moré lower 
than the steam temperature, the start is made at a slower rate. 
\n hour is usually allowed for a start under these conditions. 

The Consolidated Edison Company opened one of the topping 


io Manager, Electric Production Department, Consolidated Edison 
Company, New York, N. Y. : 
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turbines at Waterside after operating 16,000 hr between Novem- 
ber, 1942, and August, 1948. During this time there were 32 
quick starts of approximately 15 min each, 74 water washes to 
wash off the phosphates, and four caustic washes to remove silicex 
seale from the buckets. The machine was found in excellent 
condition, thus proving beyond any doubt that quick starting 
had not been injurious to the mechanical structure of the unit. 

The quick sturting of the turbines at Waterside led to trials at 
Sherman Creek Station, but conditions there were different as 
there is only one boiler per unit, while at Waterside there are two 
per unit with only one of the two boilers being used for starting. 
Therefore, temperatures as high as 700-750 F can easily be had 
on the starts at Waterside. On the 1,000,000 Ib of steam per hr 
boiler at Sherman Creek, however, the steam temperature could 
not be brought over 500 F until a few minutes after starting. 
This meant that for a 6- to 8-hr shutdown the turbine metal tem- 
perature had to be reduced déliberately just before shutdown so 
that the initial steam temperature on the start would not cause a 
sudden drop and then a quick rise in cylinder temperature. In 
an effort to increase this initial steam temperature four oil burn- 
ers were installed, high up in the furnace and pointed directly at 
the superheater. The results of typical quick starts with and 
without these oil burners are shown in Fig. 19 herewith. 

In the start with oil burners the initial steam-chest tempera- 
ture was allowed to be much higher than had been the usual prac- 
tice, or 720 F, and the rolling time was cut down to 10min. The 
turbine metal temperature drop was 50 F from 720 F to 670 F, 
and the rise was 100 F in 23 min, and only 150 F in the first 
hour. However, the steam temperature at the start was still 
only about 20 F above saturation, despite the use of the oil 
burners, and this temperature increased rapidly only after the 
throttle was opened, rising 105 F in the first 5 min. At the 
present time an additional by-pass around the topping turbine 
to the low-pressure machines is being designed so that the super- 
heater will be cleared of water and the desired steam temperature 
will be obtained before opening the throttle. When this is in- 
stalled the problem of steam-temperature control during starting 
will have been solved. - — 

One of the latest and most important supervisory instruments 
used on turbine generators is the differential-expansion recorder 
which shows continuously the relative axial position of the eylin- 
der and spindle and warns the operator of danger from an axial 
rub due to the spindle shrinking too fast in reference to the 
eylinder. In the paper the authors demonstrate that’ the differ- 
ential-expansion recorder ‘shows very little differential motion 
between spindle and eylinder when the turbine shell metal tem- 
peratures are between 400 and 450 F and the steam being ad- 
mitted is at 700 to 750 F. This small relative motion is probably 
due to the fact that the heat in the steam is being dissipated and 
ts temperature degraded while passing through the throttle and 
governor valye, and steam-chest structure, 

Consolidated Edison Company, after the success of juiek 
starting of topping turbines, tried the methed on a 375-psi, 700 F, 
160,000-kw) tandem-compound condensing unit,.and also on a 
185-psi, 500 F, single-cylinder, 60,000-kw condensing unit. These 
trials were as successful as with the topping units, starting time 
being lowered on the large machines from 1'/. hr to 20 min, and 
on the smaller thachines from 1'/. hr to 15 min. A decided im- 
provement was obtaifed at the exhaust end of both units by 
lowering exhaust. end temperatures immediately after the last- 
stage wheels by as much as 75 F to 100 F. . . 


The Consolidated Edison Company expects to apply the quick- 
starting technique to all topping and condensing units on the 
system, anil thereby realize an estimated annual saving ol 
$250,000. 

In addition to the operating saving just mentioned, there are 
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many practical operating advaritages which result from quick 
starting. A notable instance occurred on August 27, 1948, when 
the Manhattan Cooper Square network was de-energized because 
of failures of generator cables in Waterside No. 2, causing a simul- 
tuneous outage of three out of the four topping units in this 
station. As soon as the first generator cables were temporarily 
repaired on Unit No. 4, this machine was brought up to speed and 
was generating power in less than 15 min and the network was 
re-energized, If the old original 3-hr start had still been in vogue 
at the time, the network would have remained out of service at 
least hr longer. 

The short starting time relieves the man-power problem in the 
turbine room of each station during the start-up period. With 
the quick-starting technique perfected it is possible to put ma- 
chines in service one after the other with fewer men, who can 
concentrate on one machine instead of on several. 

With the potentialities of quick starting of large high-pressure 
turbine generators fully realized, the Consolidated Edison Com- 
pany is now focusing its thoughts on quick starting of high- 
pressure boilers after week-end shutdowns. We think that. it 
will be possible to start such boilers from cold and have them up 
to full pressure in 1 hr or less. Test work is being planned at 
presént to develop the details of such high-pressure-boiler quick- 
start procedure and, if expectations are realized, it is felt that the 
economical advantages of the integrated quick starting of boilers 
and turbines will have been fully exploited. However, we believe 
that fast shutdown and quick starting of high-temperature high- 
pressure boilers will be best accomplished when an all-welded 
construction is used to join waterwall and generating tubes to 
their headers and drums. 


H. H. Poor.” To obtain information on boiler performance 
during rapid ‘load swings, and to investigate the permissible rate 
of load pickup on a hot boiler, the writer’s company participated 
in the last three load-dump and quick-pickup tests in the pro- 
gram at Essex Station described in the paper. 

© Staff Engineer, The Babcock & Wileox Company, New York, 
N.Y. Mem. ASME. 
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Fig. 20 of this discussion shows a sectional side elevation of the 
steam-generating unit, which is a B&W radiant boiler designed 
to deliver 900,000 Ib per hr of steam continuously at 1350 psi and 
985 F from feedwater at 455 F, with a 4-hr peak load of 1,000,000 
Ib per hr. Twelve circular burners, arranged for either pulver- 
ized-coal or oil firing, deliver fuel to the slag-tap furnace. The 
burner region of the furnace is constructed of close-spaced tubes 
fully studded and covered with plastic chrome ore: the remaining 
upper portion of the furnace is of bare tube-to-tube construction. 
The furnace is divided by a central water-cooled division wall to 
provide more cooling surface in the furnace, without increasing 
furnace volume, than would be possible without such a wall. 
There is a boiler screen of three half-rows and four full rows of 
boiler tubes, two-stage pendant superheater with interstage spray 
attemperation, economizer, and air heater. 

During the tests oil was fired because of greater operating 
flexibility, as compared with pulverized-coal firing. The boiler 
master controller, feedwater flow rate, fuel-oil flow rate, Induced- 
draft fans, and foreed-draft fans were on hand control: the spray 
attemperators were on full-automatie control. The feed pumps 
were on automatic control, but during load pickup were adjusted 
manually. Operators were stationed at the burners in order to 
remove the atomizers from service or put them back in service 
as rapidly as possible. 

The last test was the most interesting because of the very 
rapid increase in load after 15 min at no load, following the full- 
load trip-out. As shown in Fig. 21 herewith, the trip-out took 
place at 11:00 a.m. when the boiler was delivering 970,000 Ib pei 
hr. The steam flow dropped immediately to the quantity neces- 
sary to roll the turbine at rated speed under no load (this was a 
reading of 70,000 lb per hr on the steam-flow chart). After 
14'/. min, load pickup was started by an initial load increase of 
about 50,000 kw, and a steam flow of 920,000 Ib per hr was re- 
gained in min. 

The drum pressure just before the trip-out was 1400 psi. When 
the steam flow was cut off, the superheater-outlet pressure rose 
at once, and the lowest set valve popped about 1 see after the 
trip-out. All three superheater-outlet safety valves and some or 
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all of the drum safety valves opened, relieving the pressure as in- - 
dieated in Fig. 21. The last valve closed a little more than 7 ° 
min after trip-out. The heat supplied by the two oil lighters = 
remaining in service was sufficient to raise the steam pressure so “a 
that the low set valve reopened 10 min after trip-out at a pressure © 2000 ] 
of 1370 psi, and reseated min later at 1340 psi. hen the @ 1600 |__| HVT GAS TEMP 
load was applied, the drum pressure dropped to a minimum of SH INLET 
1230 psi, leveled out at 1250 psi for some time, and then climbed ~ 1000 ; =— —+-—-¢-—+- 
- T 
Water level was measured by the panel-board recorder and was 2 ah 
cheeked during the time that the water was visible in the gage * 35 800 TOO eae 
| STEAM FLOW 
glass by an observer stationed at the glass. At trip-out the water = 600 a Se ee +—+—+—+— 
level dropped from +'/s in. to 13 in., but had returned to the = pb: —TRIPOUT 11:00 AM 
~ 35 MIN 
ct 
— 
-2 o 2 4 6 8 10 12 14 16 @ 20 22 24 26 


TIME AFTER TRIPOUT* MIN 


2 Mic, 22) Recorp or Conprrions DuRING AND Arrer 

w 

» fore the trip-out to 1100 Fin 1 min, and then drifted down in irreg- 

‘ o WATER LEVEL GAGE GLASS, ular fashion to 800 F during the low-load period. When load 

-20 was resumed the gas temperature rose again to 2100 F. 


T . 7 | Steam temperature at the turbine throttle was approximated 

DRUM PRESSURE idle thermometer well at the turbine inlet. Due to the thermal 
1300 inertia of the thermometer-well assembly, the temperature read- 
ing did not follow the steam temperature very closely. The 
steam temperature indication before the trip-out was 960 F. and 
during the no-load period slowly drifted down to 900 F. During 
Ow the load pickup, a large quantity of saturated steam Was passed 


+ through the superheater before the normal superheater absorp- 


Ss! 


ORUM PRESS 


STEAM FL 


+ 


OW* MLB/HR 
o 
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e2—TRIPOUT 100 AM | 


tion rate had been re-established, with the result that the steam 

- 35 MIN temperature indication dropped to 850 F during load pickup. 
200 Then, as superheater absorption returned to normal the steam 
x temperature climbed to 1000 F. 


= 2 In so far as the boiler proper was concerned the limiting factor 
with respect to rate of load pickup was water level in the drum. 
Under the condition of test the rate of load increase was approxi- 
. mately 240,000 Ib per hr per min: as a result of these tests we 
bottom of the gage glass 6 in. below the drum center line at the — conelude that with optimum regulation and careful co-ordination 
end of 1 min. The water level was held at 5 in. below the drum of the feedwater with the rate of load increase, it would be pos- 
enter line when the load pickup was approached. When the — sible to bring this boiler from no load to full load in somewhat 
first block of load (approximately 50,000 kw) was applied to the — less.-than 3 min, at a rate in excess of 300,000 Ib per hr per min, 
turbine and the steam flow jumped from practically zero to without raising the water level more than 10 in. above the 
590,000 Ib per hr, the water level rose 14 in. to alevel Yin. above drum center line, and without increasing the solids content of the 
the drum center line. The load was held at this value for about — steam. 
2 min, during which time the drum ‘level came back to -—4 in., 
remaining in sight in the gage glass, except. momentarily, during 
the remainder of the load pickup. * The authors wish to emphasize again that the rates of loading 


hig. 21) Recorps Taken During Trip-Or Test 


CLosurE 


As a check for carry-over, saturated steam was taken through of 5 mw per min should be considered as applying only to this 
« sampling nozzle located in the center saturated-steam connec- -8ize machine and should be expressed as a percentage of rated 
tion from the top of the drum, and passed through a cooling coi] machine capacity when these results are interpreted as applying 
directly into a conductivity cell, with no attempt to remove to machines of different construction and capacity. 


dissolved gases. Before the trip-out the conductivity-cell indi- Mr. Falkner’s use of burners located high in the boiler to give 
cation corresponded to a solids content of 0.9 ppm. After the high steam temperatures at starting is a very interesting and 
trip-out the indication increased to 1.0 ppm and finally to slightly apparently necessary development and should make safer and 


above 1.0 ppm. There was no sign of carry-over increase when more practical the starting of a turbine after a relatively short 
the load was picked up, despite the rise in water level, and, after — shutdown. 
full-load steam flow had been reached, the indicated solids con- 


One means of reducing the thermal stresses during fast loading 
tent gradually decreased to less than 0.7 ppm 


is by holding the temperature of the steam high while the unit is 
Gas temperature entering the superheater was measured by a operating in spinning reserve. Since most boilers have a droop- 


high-velocity thermocouple located in’ the gas stream halfway ing characteristic, the same high location of burners may be desira- 
between the roof and floor at the superheater inlet, 10 ft fromthe — ble when a turbine is held as spinning reserve. It is understood 
right side wall. The gas,temperature dropped from 2100 F be- — that some West Coast power companies are investigating this 
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procedure. 
peratures at low loads may require slightly higher minimum loads 
to maintain low exhaust-hood temperatures. 

The annual saving of $250,000, as quoted by Mr. Falkner, is 
impressive enough to justify the large amount of experiment 
necessary to establish the optimum starting and loading rates. 
The discussions of both Mr. Falkner and Mr. Poor illustrate the 
necessity of considering st: arting and loading the entire power 
plant, rather than the auxiliaries 
Mr. Poor’s discussion also indicates a direction for boiler design 
if fast pickup of load is made a requirement. 

A study of the temperature data taken by Mr. Falkner and 
Sthers shows that quick starting of a hot turbine should not 


turbine, boiler,+ or alone. 


impose undesirable stresses on the machine when the quick 
starting is made under proper conditions and supervision. The 
inspection of the Consolidated Edison Company turbines, show- 
ing that a large number of quick starts had been made with no 


damage or increased maintenance, confirms this study. How- 


ever, quick starting is by no means a universa! panacea for all 


It is to be understood that the higher throttle tem- 
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starting or loading difficulties. There is no substitute for ¢lose 
mechanical supervision of any piece-of machinery during such 
If anything, supervision during rapid starting and load- 
ing is even more important than at other times. 

A primary requirement in starting and loading is that thermal 
held to allowable limits. This involves the 
consideration of steam and metal temperatures and the heat- 
transfer After the allowable limits for different 
material and different type of construction have been established 
by experience over a number of years, it will then be possible to 
establish starting times and loading rates for the allowable limits 
of thermal stress. It is probable that the loading rates, will not 
be uniform over the complete load range of the machine and will 
be affected by the initial conditions of throttle steam and metal 
the conditions of starting. With 
further tests made possible by the co-operation of the operators 
and the manufacturers, further knowledge of this subject will be 
obtained and power-generating equipment may be operated , 
nearer the point of its greatest usefulness. * 
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j Heat-Rate Test Results of the 100,000-Kw _ 


Essex Turbine Generator 


“By VINAL S. RENTON? anv STANFORD NEAL? 


A 3600-rpm, tandem compound, 100,000-kw turbine 
generator was recently installed at the Essex Generating 
Station of the Public Service Electric and Gas Company 
of New Jersey. Since it was, at that time, the largest 
machine of its type ever built, the first of a new class, and 
had initial steam conditions of 1250 psig and 1000 F, care- 
ful and extensive heat-rate tests were made jointly by the 
operating company and the manufacturer. The paper 
presents the results of the tests as an example of progress 
made in power-generating equipment. 


INTRODUCTION 


N December 18, 1947, the largest 3600-rpm, tandem- 
compound steam turbine-generator ever -built up to 
that time was placed in service as No.*1 unit at the Essex 

Generating Station of the Publie Service Electric and Gas Com- 

' Engineer, Electric Engineering Department, Public Service Elec- 
tric and Gas Company, Newark, N. J. Mem. ASME. 

2 Section Engineer, Steam Research Section, Steam Turbine Engi- 
neering Division, General Electric Company, Schenectady, N. Y. 
Mem. ASME. 

Contributed by the Power Division and presented at the Semi- 
Annual Meeting, San Francisco, Calif., June 27-30, 1949, of Tue 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of 
the Society. Paper No. 49—SA-19. a‘ 


pany, Newark, N. J. Since it was the first of a new class of units 
for the manufacturer and the operating company, extensive 
tests were made to determine its heat rate and operating charac- 
teristics. The operating characteristics are reported in a separate 
paper.* 

The heat-rate tests, with which this paper deals, were made in 
the period from February 14 to February 24, 1948, jointly by the 
Testing Laboratory of the Public Service Electric and Gas 
Company and the Turbine Engineering Division of the General 
Electric Company. 

Results of the test were consistent with and slightly better 
than the guarantees. They indicate that this machine, of ad- 
vanced design performs in accordance with anticipations. 


CycLe AND TuRBINE DesIGn 

The turbine generator with its unit boiler, condenser, and 
auxiliaries, was designed to fit into the space occupied by the 
existing No. 1 unit, rated at 20 mw, which had been installed 
in 1915. The specifications forthe new No. 1 unit called for a 
highly efficient cycle which was to have its best heat rate at 
loads between 70 and 90 mw. 

The feedwater-heating arrangement is shown in Fig. 1. It 
is believed that this is the first time in this country that as many 

+ “Operating Characteristics of the 100,000-Kw Essex Turbine Gen- 


erator,” by Stanford Neal and Vinal S. Renton, published in this issue 
of the Transactions, pages 267-284, 
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as eight stages of feedwater heating have been used for one tur- 
bine. The heater system is also unusual in that the drains are 
cascaded, then passed through a drain cooler and to the hot 
well, where deacration is accomplished. ; 

As shown in Fig. 1, most of the losses are used to heat con- 
For conditions of high turbine exhaust pressure with 
the resulting high temperature of the condensate, a cooler is 
provided to reduce the condensate temperature for cooling the 
auxiliaries. 


densate, 


DESCRIPTION OF THE TURBINE GENERATOR 


The semisection of the turbine is shown in Fig. 2. A met 
chanical description is reported elsewhere,‘ and the following dis- 
cussion is limited to points pertinent to a study of the heat- 
rate results. 

The tandem-compound turbine, has a nominal rating of 100,000 
kw, and the steam conditions are 1250 psig 1000 F. The high- 
pressure section has 19 stages with extraction connections from 
the 7th, 10th, 13th, 16th, and 19th stages. The double-flow 
low-pressure section is on the same shaft and has 5 stages with 
extraction connections from each of the two 20th, 21st, and 22nd 
stages. 

The three feedwater heaters supplied, with steam from the three 
latter extractions, are placed horizontally in the condenser neck 
and directly under the low-pressure turbine to conserve space and 
reduce the length of the extraction piping. Model tests were 
made jointly by the manufacturers of the turbine and condenser 
to determine the best location of the heaters. The 23rd and 
24th-stage moisture catchers are drained to the hot well. « 

Steam flow and load are controlled by eight primary valves 
which admit steam to the first stage, and four stage valves which 
by-pass steam from the discharge of the Ist stage to the inlet of 
the 4th stage. The valving sequence is arranged so that seven 
of the primary valves open consecutively for the first seven ad- 
missions. The four stage valves are next opened together for 

“The Design of Sewaren Generating Station and No. 1 Unit at 
Essex Station, Public Service Electric and Gas Company,” by F. P. 
Fairchild, published in this issue of the Transactions, pages 247 265. 
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the Sth admission, and the eighth primary valve is opened for the 
8th admission. 

The shaft of the high-pressure turbine is sealed by a labyrinth 
packing and an impeller-type water seal. The labyrinth packing 
at the high-pressure end has three sections with leakage steam 
from the Ist section going through the space between the inner 
and outer turbine shells and out to the 10th-stage heater. The 
leakage steam from the second section is piped to the 16th-stage 
heater, and that from the third section to the 21st-stage heater. 
The labyrinth packing at the low-pressure end has only one 
section, which is piped to the 21st-stage heater. The shaft of 
the low-pressure turbine has only impeller-type wator seals. 

The main generator is rated 111,765 kva at 0.85 power factor, 
with 15 psig hydrogen pressure, and 117,647 kva at 0.85 power 
factor with 25 psig hydrogen pressure. The house or auxiliary 
generator is air cooled and.rated at 7500 kw at 0.80 power factor. 
Separate motor-driven exciters supply the field electrical require- 
ments. 

The turbine and the two generators are coupled solidly to one 
shaft, and the unit has an over-all length of 77 ft, 7'/2 in. and 
weighs 1,120,000 Ib. 


Morstrure ReMovaL 


The quantity of drain flow was calculated by heat balances 
around each heater individually. Sinee all of the heater drains 
were cascaded through a drain cooler to the condenser, the quan- 
tity of total drain flow also was calculated by a heat balance at 
the drain cooler, The drain flow, so calculated, was found to be 
consistently amd significantly higher than the sum of the cal- 
culated extraction steam flows to the eight heaters. That differ- 
ence was considered to be the quantity of moisture discharged 
from the turbine into the extraction pipes and showed a high 
effectiveness of the nioisture catchers. The amount of moisture 
thus indicated as removed in the wet extraction stages was about 
10,000 to 12,000 Ib of water per hr and was nearly constant ir- 
respective of load. The qmount of moisture removed from the 
23rd-stage and the 24th-stage diaphragm was expected to be 


large but was not measured. An examination of the last-stage 
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buckets after 14 months of service confirmed this assumption 
since little erosion had occurred. 
Heat-Rate 

The heat rafe of the turbine ‘generator is defined as that quan- 
tity of heat supplied by the boiler (and the boiler feed and con- 
densate pumps) necessary to produce 1 net kwhr of electricity. 
The net kilowatthour output is defined as the output at the ter- 
minals of the two generators minus the electrical inputs to the 
two generator fields. 

Since the steam conditions and heater performance were not 
the same in every test, the test results have been corrected to 
a standard cycle to provide a uniform basis of comparison. The 
standard cycle differs from the test cycle principally in that: 


1 ‘The initial steam conditions were 1250 psig and 1000 F. 

2 Exhaust pressures were 1.00 in., 1.50 in., 2.50 in., and 3.50 
in. Hg abs. 

3 Heater terminal differences and extraction-pipe pressure 
drops were assumed to be the same as in the turbine specification. 

4 Attemperator flow was zero. (The attemperator was used 
only in 7 test points.) : 


The standard extraction cycle heat yates, based on test per- 
formance, are shown in Fig. 3 as a function of Joad for the four 
exhaust pressures. The points in Fig. 3 have been connected 


OF 100,000-KW ESSEX TURBINE GENERATOR 287 
by valve loops, the shapes of which have been determined by 
previous tests on other turbines. The rise in heat rate at loads 
above 93 mw is caused by the opening of the internal stage 
valves which provide a by-pass for the steam flow around the 
2nd and 3rd stages. The heat-rate curve at 1.50 in. Ng exhaust 
pressure is well located with eleven points, but it should be noted 
that the curves at 1.00 in., 2.50 in., and 3.50 in. Hg are drawn 
from only three test points with the shape determined by the 
1.50-in. curve. 

The standard extraction cycle throttle and condenser steam 
rates based on test performance are shown in Fig.4. It may seem 
surprising that the throttle steam rate is about 4 per cent better 
at 35 mw than at 117 mw while the heat rate is about 9 per 
cent poorer at the lower loads. This apparent inconsistency is 
explained readily since the amount of steam extracted for feed- 
water heating changes from about 22 per cent to 32 per cent over 
the same range of load. The larger percentage of condenser 
steam flow at 35 mw has the effect of reducing the amount of 
throttle steam per kilowatthour at the expense of a less efficient 
cycle with its higher heat rate. This example shows that a 
low throttle steam rate is not necessarily compatible with a low 
heat rate. Had this turbine been operated nonextracting, the 
steam rate would have been the same for both throttle and con- 
denser flows and would have a value between the two sets of 
curves shown in the figure. As a matter of interest, the feed- 
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water temperature leaving the last heater was 477 F at the 
highest load. 


ACCURACY OF THE TESTS 

Extreme care was taken in the isolation of the unit, selection, 
installation, and calibration of the instruments, and constancy of 
test conditions. It was expected that the absolute accuracy 
would be about '/: per cent, and the reproducibility somewhat 
better. The one check point at 93 mw differs from the first 
point by about 0.15 per cent. Since one point was made at the be- 
ginning and the other near the end of the test, there was no ap- 
preciable change of performance of the unit during test. There 
was no evidence of deposits in the steam path either by inspection 
or from unit performance, 


GENERATOR TEST 


The results of the generator preheating test will be reported 
elsewhere,® and will not be described here. The generator losses 
were of the magnitude predicted by the manufacturer and the 
maximum temperatures were well within the design limits. 


e CONCLUSIONS 


At the best point, which was at 93 mw load, and at an exhaust 
pressure of 1'/2 in. Hg abs, the heat rate of the turbine-generator 
and feedwater heaters was found to be 8498 Btu per kwhr for the 
standard cycle used to compare the test points. The correspond- 
ing thermal efficiency is 40.16 per cent. The standard cycle dif- 
fered from the operating cycle by only a few tenths of a per cent. 

At the rated exhaust pressure of 1'/, in. Hg abs, the heat rate 
averages 0.76 per cent better, and the best point is 1.4 per cent 
better than the guarantee. 

Test data on the complete unit including boiler, turbine, feed- 
water heaters, and auxiliaries indicate an approximate over-all 
heat rate of 10,100 Btu per kwhr at the most economical point 
during winter conditions. The corresponding thermal efficiency 


is 33.79 per cent. With 13,500 Btu per |b coal, that heat rate cor-- 


responds to the consumption of 0.75 lb of coal to produce 1 net 
kwhr of electrical energy at generator terminals. 

During the entire year of [948, the station records show that 
the over-all unit heat rate was 10,500 Btu per kwhr at an average 
Joad of 97,800 kw for each hour of operation. 

Tests of the operating characteristics have demonstrated that 
the unit operates satisfactorily with fast starts and high loading 
rates. Several lo: ad-dump tests followed by fast pickup of load 
have been made with excellent performance.* 

The Essex No. 1 Unit has satisfied both the owner and the 
manufacturer with respect to efficiency, operating characteris- 
ties, and service record. 
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Appendix 


DeEscriPTiION oF Test INSTRUMENTS 


The location of each of the test instruments is shown in Fig. 1, 

All important temperatures were measured with chromel P- 
copnic thermocouples inserted in wells. A few temperatures were 
measured with copper-copnic thermocouples peened, into pipe 
walls. All thermocouple potentials were measured with precision 


5 The generator preheating test is expected to be the subject of 
an AIEFE paper by F. W. Gay and H.D. Taylor. 
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which necessarily were destroyed in diss assembly. 
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potentiometers. The condensate temperatures at the generator 
coolers were measured with precision-grade mercury-in-glass 
thermometers. All thermocouples and thermometers were cali- 
brated before and after the test, except for. the peened couples 
Temperatures 
were read at ten-minute interv als, with the exception of those at 
the throttle and at the discharge from the highest feedwater 
heater, which were read every 5 min. . 

Pressures above 25 psia were measured with dead-weight gages, 
those between 5 psia and 25 psia with mercury-filled manometers 
open to atmosphere, and the condenser pressures were measured 
with mercury-filled absolute gages. All gages, weights, and ma- 
nemeters were checked carefully before.the test. ‘For convenience 
and accuracy, all turbine pressures at levels below 25 psia were’ 
measured with air-filled connecting pipes: This was accomplished 
by bleeding a very small amount of air into each pipe. 

The condensate flow was measured with either a 4.335-in. or a 
2. 794-in-diam flow nozzle. Both were calibrated before the test 
s. R. Beitler. The pressure difference was indicated on 1 
mercury-filled manometer read at one-minute intervals, 

As an independent check on the throitle flow, the, pressure dif- 
ference across the uncalibrated station steam-flow nozzle was 
read at one-minute intervals. However, the water legs could not 
be determined accurately, and the measurements were not entirely 
consistent or reliable. This trouble was corrected after the test. 

The condensate flows to the gland-seal tank and from the high- 
pressure-turbine packings were measured with displacement-type 
integrating water meters. 
15 minutes. 

The flow to the attemperator was measured with the station 
nozzle. Since the flows were small, a dibromoethane (specific 
gravity = 2.17) filled manometer was used to indicate the pressure 
difference. Readings were made at five-minute intervals. The 
maximum attemperator flow was 3'/2 per cent of the throttle flow. 

Slag-tap and boiler-access door cooling flow was measured with 
a flow nozzle and a mercury-filled manometer. Readings were 
made at five-minute intervals. . 


The flow quantity was recorded every 


The flow of condensate through the generator coolers was 


measured by thin-plate orifices. The coefficients were taken from 
the ASME fluid meters report. The pressure differences were 
indicated on mercury-filled manometers and read at five-minute 
intervals, Inorderto obtain a larger temperature difference across 
the main generator coolers at several test points, the arrangement 
of the station piping madé it necessary to by-pass some con- 
densate around the auxiliary-generator coolers, which prevented 
measurement of the cooler flow. For that reason, ‘only a few 
loss measurements could be made on the auxiliary generator. 

The leakage flow from the second section of the high-pressure 
packing was measured with a thin-plate orifice and a mercury-filled 
manometer, read at five-minute intervals. The leakage flow from 
the third section of the high-pressure packing was measured with 
an impact tube placed at the axis of the pipe and a pipe-wall static 
pressure tap. The pressure difference was indicated on a draft 
gage and read at five-minute intervals. This method of measuring 


the flow was necessary, since there was not sufficient pressure 


available for an orifice measurement. 

Storages in the hot well and.heaters were measured by observ- 
ing calibrated sight glasses at 15-minute intervals. 

The electrical output of each generator was measured with three 
single-phase indicating wattmeters read at oneaminute intervals. 
The voltage and current in each phase were observed at two-minute 
The power input to the two fields was measured with 
voltmeters across the slip rings and milliammeters across shunts. 


intervals, 


6 “Pp luid Meters, Their- Theory and*Application,” THe AMERICAN 
Socrery oF MECHANICAL ENGINEERS, New York, N. fourth edi- 
tion, 1937. 
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All ammeters, voltmeters, and wattméters were calibrated before 
and after the test, and the current and potential transformers and 
the shunts were calibrated before the test. Check readings were 
made on the station integrating watthour meter which was espe- 
cially equipped for the test with a high-speed register. 

The tests followed the procedures outlined in the ASME Power 
Test Code. The Keenan and Keyes Steam Tables’ were used to 
determine steam properties. : . 

Before each test, the turbine and heater piping was carefully 
checked to make certain that the cycle used was the one shown 
in Fig. 1, and to check the isolation of the unit. Isolation was 
made positive in every connecting pipe not necessary to the cycle 
by inserting blind gaskets between flanges or by closing two valves 
in series and opening a “‘telltale’’ drain valve between them to 
prove that no flow passed through the pipe. A single valve was 
used for only one connecting line which went to the condensate 
head or surge tank. That valve was checked carefully for tight 
closing before, during, and after the test. It was not possible to 
double-valve this line from the standpoint of safety. 

The losses of each generator were obtained by measuring the 
_ temperature rise and quantity of the condensate used to cool the 
hydrogen in.the main generator, and the air in the auxiliary gen- 
Since the four coolers in each generator are connected in 
parallel and it was practical to make only one flow measurement 
for each generator, it was necessary to adjust the flow through 
each cooler to give the same temperature rise. The hydrogen 
pressure was maintained at 15 psig, except for the two highest 
load points where it was held at 25 psig. 


erator. 


All test points except one (8'/, admission point) were made at a 
valve-intercept point. That point occurs just prior to the open- 
ing of the next higher valve. The intercept point could be set 
accurately by opening the governor until all lost motion is taken 
up in the cam-and-roller assembly of the next higher valve. Since 
a force of only a few hundred pounds was necessary to take up this 
lost motion and several thousand pounds to lift the valve away 
from the seat, a check of the force on the roller with a pinch bar 
permitted accurate setting of the valve within 2 or 3 thousandths 
of an inch. 
since a measurement of valve lift will vary slightly with different 
loads on the turbine as the temperatures of the valve mechanism 
and steam chest change. The valve-roller tightness and the posi- 


This method is considered to be the most accurate 


tion of governing mechanism were checked several times during 
each test to make certain the valves had not changed position. 
The governor was very stable and it was not necessary to reset 
During tests, the governor was 
set on the “load limit” ‘which essentially kept the governor 
from increasing the load but still left control for reducing the load 
by normal governor action if an emergency should arise. 


the valve position during any test. 


For different tests, the exhaust pressure at the condenser neck 
was held at 3'/2 in., 2'/: in., 1'/2 if. Hg abs, and the lowest that 
could be obtained. For the higher values, .the pressure was held 
This 


method is simple and permits rapid and close control of the ex- 
haust pressure. It was usually held within 0.01 in. Hg. 


by bleeding air from the atmosphere into the condenser. 


Tests were made with an exhaust pressure of 1'/2 in. Hg abs at 
éath of the nine admission points, at the 8'/. admission point, and 
a check test was made at the 7th admission. Other tests were 
made at exhaust pressures of 3'/2 in., 2'/: in., and best (about 1.1 
in.) at the 3rd, 5th, and 8th admission points. 

The initial steam conditions were held as closely as possible to 
the rating of 1250 psig and 1000 F. At the lighter loads, the 


7 “Thermodynamic Properties of Steam,’’ by J. H. Keenan and F, 
G. Keyes, first edition, twelfth printing, John Wiley & Sons, Inc., New 
York, N. Y., 1946. 
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boiler. characteristics resulted in lower throttle temperatures. 
The throttle temperature usually was held constant within = 10 
F, and the throttle pressure within + 10 psi. 

All test points at exhaust pressures of 1'/, in. Hg abs were of 2- 
hr duration. Those at other exhaust pressures were 1-hr tests. 
To insure constant conditions, the load was set and held for 1 hr 
before the test period. 


Discussion 


Avote Eou.* The 100,000-kw turbogenerator tested is a 
brilliant example of progress in modern power-generating equip- 
ment. As regards steam-power-cycle development, this unit 
represents the highest perfection to date of the regenerative- 
feed-heating cycle. The writer is struck by the elegant simplicity 
of the layout of the turbine flow path as well as with the com- 
pleteness of the regeneration system applied. 

The thermodynamic perfection attained is astounding; 40.16 
per cent thermodynamic efficiency of the turbogenerator unit 
and 33.79 per cent thermal efficiency of the complete power unit, 
including boiler and auxiliaries, are indeed excellent values for a 
plant without the complication of a reheat cycle. 

Remarkable is the combination of a flat heat-rate curve with 
great overload capacity which has been attained by a clever 
arrangement of throttle valves and by-pass valves regulating the 
throttle steam flow. Between maximum load and half maximum 
load, the heat rate (at 1'/, in. Hg back pressure) varies only 1.7 
per cent, the best value being obtained midway between these 
points at the most important output. Even at 30 per cent maxi- 
mum capacity, the heat rate is only 9.5 per cent above the best 
value. 

Of the test instrumentation, the dead-weight gages used to 
measure the high steam pressures, are most intriguing to the 
writer. 

Would the authors be in a position to give a detailed descrip- 
tion of the design and operation of these gages? Precise measure- 
ment of the high steam pressures on a turbine in operation is a 
difficult problem, and the proper application of the dead-weight 
system would appear to be a valuable step in improving test 
precision. 

In particular, the writer is also interested in the accuracy at- 
tained with condensate-flow-nozzle measurement. 

A detailed heat balance of the unit tested would also be most 
informative. By publishing this information the manufacturer 
and the Public Service Electric and Gas Company would indeed 
render valuable service in the general advancement of the art of 


power generation. 


CLosuRE 


The authors thank Professor Egli for his comments on the 
design and application of the Essex turbine generator. 


It has been the practice of the authors’ company to use dead- 
weight gages in the tests of steam turbines since they provide the 
most practical fundamental and accurate type of pressure meas- 
urement. It is difficult to use this type of gage when the pres- 
sure fluctuates rapidly. However, modern methods of pressure 
control in generating stations are sufficiently good to permit the 
use of deadweight gages. Although more work is involved in its 
installation and use, the increase in accuracy is believed to justify 
the additional time and expense. The area of our dead-weight- 
gage cylinder is 0.1250 sq in. (a diameter of about 0.4 in.) and is 
larger than the usual dead-weight gage or dead-weight-gage tester. 
The sensitivity of about '/: in. of water and the practical advan- 
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tage of free plunger travel is believed to overweigh the incon- 
venience of the correspondingly large weights. j 
The gages are oil-filled and, in steam-turbine tests, are usually 
operated with water-filled lines, necessitating the usual water-ieg 
correction. In operation, the pan is loaded with weights until 
. the pressure is balanced, the weight pan being rotated by hand to 
remove any friction effect. Arrangements have been used with 
the pan loaded with a spring or balance arrangement of about 10 
psi capacity to avoid the use of small weights. Such devices 
have also been used for the control of pressure with the rota- 
tion of the plunger accomplished by an air turbine. The radial 
clearance between the cylinder and plunger is held to about 
0.0001 in. and the parts are usually made of nitraloy with lapped 
surfaces. 
There is a question as to whether the area of the cylinder or of 
the plunger or some intermediate value-should be used. With 
these close fits, the error involved when an average area is used 
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cannot be more than about 0.05 per cent. Calibrations’ by the 
Bureau of Standards and others confirm this opinion. 

The two nozzles used in this test were made by the Bailey 
Meter Company and installed with straightening vanes in a pipe 
of suitable length. The two assemblies were calibrated by Prof. 
S. R. Beitler and are believed to represent the trug coefficient 
within + 0.2 per cent. 
olds number range of constant value of the flow coefficient. 
The smaller nozzle was used in the Reynolds number range of 
1,200,000 to 1,600,000, and the larger from 1,200,000 to 2,200,000. 
While these ranges require extrapolation of the calibration to 
somewhat higher values than could be reached in the calibration, 
that extrapolation was in the region’of the constant value of the 
flow coefficient and is well justified by experience. 

The addition of heat balances at three loads was considered 
when this paper was prepared, but, it was decided to omit thése 
items because of lack of space. : 


Each nozzle was used only in the Reyn- 
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* Frictional Cl Characteristics of 


-Rings 


With a Typical Hydraulic Fluid 


By L. E. 


O-ring packings employed in aircraft hydraulic systems . 


are subject to numerous operating variables, which affect 
the friction involved in their operation. A method for 
studying the friction is described, and the effects of several 
variables time delay, squeeze, stroke speed, 
ring size, and surface finish of the moving metal part 
have been determined. 


~—pressure, 


INTRODUCTION 
I) URING the past several years there has been a strong trend 


in the aircraft ‘industry toward the use of hydraulic sys- 

tems, as a result of increases in the size of planes, where 
the required forces prohibit manual operation of many controls. 
The hydraulic system has an advantage over other possible sys- 
tems because it assists in the movement of controls, but it still 
maintains the ‘“feel’”’ which is considered highly desirable. 

Among the small but important parts of a hydraulic system are 
the packings. Earlier systems in use for aircraft employed one 
or more of the well-known V-ring, U-cup, or compression-type 
packings. The O-ring is a fairly recent development in the pack- 
ing field, which has been shown to have many advantages over 
the older types. 

To prevent sticking of moving parts and excessive wear on 
packings, the friction between the moving parts and the packing 
should ‘be held to a minimum. It would be expected that the 
‘arly compression-type packings would cause high friction be- 
cause of their design. O-rings offer an opportunity to reduce this 
friction because of a much smaller 
ing part. 

Previous published work on the re of friction is meager. 
Several recent articlés (1, 2, 3, 4, 5, 6, 7, 8)* give limited data 
concerning the effect on packing friction of various characteristics 
of the hydraulic system, while the general frictional characteris- 
tics of rubber are treated in some previous publications (9, 10, 11). 
While these articles cover a part of the field, some of them freely 
admit that there is much work yet to be done. 


area of contact with the mov- 


EXPERIMENTAL PROCEDURE 


An apparatus was designed so that friction caused by an O-ring 
could be measured under controlled conditions, with one factor 
varied at a time. In the apparatus employed, an actuating rod 
was drawn through a stationary O-ring. Frictional forces were 
transmitted from the ring, through a bellows arrangement, to a 
recording engine indicator. 

The entire apparatus could be considered as composed of sev- 
eral individual units as follows: 

1 Formerly - Assistant Supervisor, 
Battelle Memorial Institute. 

2 Research Engineer, Battelle Memorial Institute. 

*, Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Rubber and Plastics Division and presented 
at the Annual Meeting, New York, N. Y., November 28-December 3, 
1948, of-TuHe AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions o1 their authors and not those 

- of the Society. Paper No. 48—A-64. 
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1 The nucleus of the machine was a hydraulic press, to the 
ram of which was attached an actuating rod (SAE 4340 steel, 
Rockwell hardness 40 C). Ram speed of the machine could be 
varied from 85 to 300 ipm on the upstroke, and 60 to 215 ipm on 
the downstroke. A timing device was installed to allow an 
automatic variable time delay between strokes. 

2 The hydraulic pressure unit consisted of a pump and reser- 
voir with accessory equipment such as time switches, tubing, etc 
The variable-flow pump employed was capable of producing 3000 
psi fluid pressure. The oil reservoir, a large box made from steel 
plate, held about 50 gal of oil and was provided with cooling coils. 

3 The assembly for holding the O-ring under fiuid pressure 
consisted of a Section of stainless-steel tubing with a cap serewed 
on each end. The end of each cap contained a hole, through 
which the actuating rod passed. One end of the tube was sealed 
by the O-ring, contained in a machined groove inside the cap. 
The other cap contained no packing but had a lap fit around the 
rod with a clearance of about 0.001 in. (The friction from this 
lap fit was found to be negligible.) The hydraulic pressure was 
applied to the inside of the sealed tube. 

{ The friction-measuring unit consisted of 
nected to an engine indicator by means of copper tubing, the 
entire unit being filled with oil and sealed. The frictional force 
was transmitted from the ring to the bellows by a special cap, 
which in turn transmitted it through the oil to the recording en- 
gine indicator, which recorded the friction continuously. 


a bellows con- 


In any work of this type the accuracy of test results should be 
It is felt that the measuring unit is quite accurate 
because of its basic design. The spring on the engine indicator 
can be calibrated with dead weights and this is done at frequent 


considered. 


intervals. A small error is involved in reading the engine indica- 
tor cards because a small distance bet ween lines on the card corre- 
This error is of the order of 3 


it could probably be reduced if necessary by 


sponds to several pounds friction, 
or 4 Ib maximum; 
constructing a special micrometer-type scale for reading the cards. 
Assuming the measuring unit to be quite accurate, the accuracy 
of the work would then be limited only by the degree to which the 
friction would reproduce itself. 

An effort was made to evaluate what were considered the more 
important variables, as indicated by previous work (1, 2, 3, 4). 
This study was concentrated upon one hydraulic fluid (Army- 
Navy Specification AN-VVO-366B). All of the work was per- 
formed using one typical ring size (-28 as described in Army- 
Navy Specification AN6227), except the study of ring-size effect. 
Testing was done at room temperature. All of the rings used in 
this study were aged in hydraulic fluid before testing, according 
to Army-Navy Specification AN-P-79. 


EXPERIMENTAL Resuvrs 


Previously published data have recommended that the O-ring 
groove depth be 10 per cent less than the free diameter of the 
ring (6). The purpose of the shallow groove is to make certain 
that the ring is subjected to a positive squeeze at all times. 
This positive squeeze is necessary if the ring is to seal at low pres- 
sures where the pressure is not great enough to deform the ring 
and force it against the diametral clearance between the moving 
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and stationary parts. Army-Navy Specification AN-P-74 
i designates the minimum squeeze to be applied to an O-ring; this 
squeeze is approximately 10 per cent of the cross-section diame- 


-ter of the ring. 
Breakout- and running-friction determinations were made 


under-various conditions of pressure and time delay, in addition, 
to variation of squeeze. The result of a large number of tests 
shows that the running friction is largely independent of squeeze 


over the rangé covered. There is some tendency at higher pres- 
sures for the running friction to increase slightly with squeeze. 
A different situation exists in the case of breakout friction, where 


an ‘increase in squeeze results in an increase in friction. Fig. 1 
shows typical data of friction versus squeeze for running and 


breakout friction. The points shown are chosen as representative 
of about 2500 determinations. The range of results, as shown 
by the figure, is approximately +15 lb for the breakout friction 


and +8 lb for the running friction. 
The effect of hydraulic pressure has been noted- previously 


(1, 2). As there is a strong trend toward higher pressures in the 
newer aircraft systems, this is a very important factor. The 
effects of 500, 1000, and 1500 psi pressure were checked in this 


study. It was found that an increase in pressure resulted in a 
small increase in running friction and a large increase in bre: kout 
friction. Figs. 2 and 3 illustrate this point. The data shown 


here are typical of about 700 determinations. It can be seen that 
the accuracy is approximately +15 lb for the breakout friction 


(2.8-3.2 microinches surface finish, 300 ipm stroke speed, 500 psi pressure.) 


| |. ] 
© BREAKOUT FRICTION, 40-MIN. DELAY 
@ RUNNING FRICTION 
fe) 
Ke) L 
° 
° 
° 
° 
Te) 
. 
2 
99105 
a. 
fee e 
10 2 35 
SQUEEZE , 0,00! 
Fic. 1 Errect or Squeeze ON FricTIon 


and +10 Ib for the running friction. 

It has been generally felt that the breakout friction would be 
higher as time delay between strokes increased. Experimental 
results confirmed the original belief for tinie delays of less than 40 
min. Time delays of more than 40 min, however, did not increase 
the friction appreciably. ° 
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(2.8-3.2 microinches surface finish, 300 ipm stroke speed.) 


Running friction was not expected to change with time delay 
between strokes. In this case also, the experimental data con- 
firmed the original belief. Fig. 4 shows data, typical of about 
1600 determinat.-ns, on the effect of time delay on the two types 


of friction. The accuracy of reproduction is about +10 Ib. 
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Fig. 5 


The importance of roughness of the surface which rubs against 
the ring has been recognized by other investigators (1, 2). Army- 
Navy Specification AN-P-74 requires a surface finish (roughness) 
of 5-15 microinches root mean square (rms). (This is to be 
changed by eliminating the minimum requirement and retaining 
the 15-microinches rms maximum roughness.) In order to inves- 
tigate this factor more thoroughly, a series of 4 rods was con- 
structed. These rods were ground to finishes of 2.8-3.2, 6-8, 
10-12, and 16-18 microinches rms. All four rods were evaluated 
with the same ring to eliminate any variability from that source. 
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These four rods represent a range of surface finishes not only 
covering, but also above and below the present specification 
limits. Fig. 5 shows typical curves for this series. It can be seen 
that there is a definite increase in friction with an increase in sur- 
face roughness. 

An additional rod with a surface finish of 1.7-2.0 microinches 
_Tms was constructed and evaluated later in a manner similar to 
the four rods previously studied, although the same ring was not 
used. The data obtained for this rod are also included in Fig. 5 
and show good agreement with the other values. The accuracy 
of these data is considered to be approximately +10 Ib. 

It has been reported that a chemical surface treatment was 

being used on some hydraulic parts. Several advantages were 
claimed for this treatment, particularly reduction of friction, 
because of better retention of an oil film on the surface. In order 
to investigate this point, a special rod was constructed and 
treated by the commercial process. This rod had @ surface finish 
of 10 microinches rms before treatment and 30 microinches rms 
after treatment. This rod was included in the series showing the 
effect of surface finish on friction, Fig. 5. The frictional results 
obtained were apparently directly proportioned to the roughness 
of the finished rod. 

A limited amount of work was done to determine the effect of 
stroke speed. Figs. 6 and 7 show these data. The running fric- 
tion was almost independent of stroke speed over the range tested. 

An increase in breakout friction was noted with an increase in 
stroke speed at 1000 psi, but at other pressures the friction was 
independent of stroke speed. There are indications that factors 
other than stroke speed, for example, pressure, are more signi- 
ficant in determining the friction in a system. 

The effect of ring size on friction has been reported by Pear! 
(2). This author showed the friction to be a function of pressure 
and projected area of ring exposed to pressure. The area of con- 

-tact,of a packing and moving surface would be expected to affect 
the amount of friction. 

Four sizes of O-rings were given an evaluation to determine 
the effect of ring size. The ring sizes were —19, —23, —28, and 

29 as described in Army-Navy Specification AN6227. The 
actual sizes are given in Table 1. 


TABLE 1 SIZES OF O-RINGS 


Cross-sectional 


diam, in, 
The sizes were chosen to show the effect of diameter at constant 


0.139 
0.139 
Graphs of fric- 


0.210 
0.210 


cross section, using two different cross sections. 
tion versus squeeze, at different conditions of pressure and time 
delay, where the data from all four rings were plotted on one 
graph, show that under some conditions one ring size gave the 
greatest friction while under other conditions another ring 
caused the greatest friction. Although the friction of all four 
rings followed the same general pattern, it could not be concluded 
that any one ring size consistently gave higher friction than 
another ring size, at least in the range of dimensions investi- 
gated. 

Reproducibility of results has been checked in two different 
ways. One ring from each of several manufacturers was evaluated 
thoroughly and the comparative results recorded, then five rings 
from one manufacturer were evaluated in succession. Fig. 8 
compares the reproducibility between rings from one manufac- 
turer with that of rings from different manufacturers. It can be 
seen that the distribution of points in the two curves is very nearly 
the same, that is, reproducibility between rings of different 
manufacturers is approximately the same as reproducibility be- 
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(2.8-3.2 microinches surface finish, 


tween several rings from one manufacturer. It can also be seen 
that the friction curves for the different manufacturers’ rings are 
approximately the same within the accuracy of our testing. 
From this it can be concluded that all of the manufacturers whose 
aircraft hydraulic packings have been checked: produce rings of 
sjmilar frictional characteristics, although there are insufficient 
data to justify a general conclusion that all are the same. 
SUMMARY = 

Certain design and operating variables in aircraft hydraulic 

systems have been studied in relation to friction. 


oF Friction or O-Rinacs 
300 ipm stroké speed, 40-min delay, 500 psi pressure.) 


INCH 
= 


It is possible to summarize the resulting data in a fairly compre- 
hensive form. variables 
studied on breakout and running friction. , 


Table 2 summarizes the effect of the 
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VARIATION OF BREAKOUT AND RUNNING FRICTION 
WITH CHANGES IN HYDRAULIC SYSTEM 
Effeet—-— 


TABLE 2 


Breakout 
friction 
Increase 


_ Design or operating change 
"Increase squeeze. 


Running friction 

No effect at low pressure 
(500 psi). Slight in- 
crease at high pressure 
(1000, 1500 psi). 

No effect 

Increase (slight) 

Increase 


Increase time delay between strokes. . Increase 
Increase hydraulic pressure .... Inerease 
Increase roughness of moving rod... . Increase 
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Discussion 

G. E. Davisson.* The authors are to be congratulated on the, 
excellent work that is summarized in the paper. A short history 
of this testing program will reveal its vital importance. 

History of Testing Program. During the last war the Army 
Air Force and Navy Bureau of Aeronautics added the winteriza- 
tion requirements, calling for operation of aircraft hydraulic 
equipment at temperatures from —65 to +160 F, to the AN Speci- 
fications covering this equipment. This requirement made ob- 
solete all of the old components of hydraulic equipment that were 
designed for operation to a minimum temperature of —40 F. It 
also made necessary an intensive program of development and 
testing by the services and the aircraft industry. “The use of the 
original winterized O-rings with AN-VV-O-366b winterized hy- 
draulic fluid resulted in an epidemic of so-called spiral failures and 
other miscellaneous types of O-ring failures. 

In 1944 the Technical Advisory Committee on Hydraulic Sys- 
tem Materials was formed. This committee is composed of 
representatives of the two services, and the manufacturers of air- 
éraft, of hydraulic fluid, of packings, of hose, and of miscellaneous 
hydraulic equipment. The function of this committee is to assist 
the services in their program to improve performance of aircraft 
hydraulic systems. The committee makesre commendations for 
and, co-ordinates the results of tests made on O-rings, hydraulic 
fluid, and all types of hydraulic equipment by industry. 


4 Walker Manufacturing Company, Racine, Wis. 
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As the result of a great deal of test and development work by 
the services and by manufacturers of aircraft hydraulic fluid and 


‘packings, with help and advice of the Technical Advisory Com- 


mittee on Hydraulic System Materials, there had been by 1946, a 
gradual improvement in the quality of hydraulic fluid and pack- 
ings and in the compatability of one with the other. However 
there was urgent need for a comprehensive study of the funda- 
mentals of packing and fluid behavior, which neither the services 
nor industry was in a position to undertake. Battelle Memorial 
Institute was found to be the organization that could undertake 
such a study. Battelle initiated test programs for both the Air 
Force and the Navy, and personnel of Battelle, active in this work, 
were made honorary members of the Technical Advisory Com- 
mittee. 

The present paper is based upon data obtained in this testing 
program, This information is valuable because it helps to build a 
foundation of scientific facts which will permit the services and 
industry eventually to eliminate the causes of packing failures in 
aircraft hydraulic systems. A great deal of progress has been 
made on this program, but a lot remains to be done. However, 
continued co-operation between the organizations involved even- 
tually will insure that our pilots will fly better safer aircraft. 

O-Ring Friction in Industrial Applications. The Battelle tests 
were for typical aircraft installations. For indusirial appli- 
cations, automotive type of cylinder oil is used more frequently 
than AN-0-366 hydraulic fluid. This is due to its ready availa- 
bility, especially for refilling the systems. There will be less fric- 
tion when cylinder oil is used. In most cases an O-ring made from 
a special industrial compound will be required for use with auto- 
motive cylinder oils. Use of brass or aluminum for piston rods or 
cylinders in place of the SAE 4340 steel will increase the friction, 
all other variables being the same, 

O-Ring Friction in Pneumatic Systems. The friction in well- 
lubricated aircraft and industrial pneumatic installations nor- 
mally will run higher than in comparable hydraulic systems. 
Friction is extremely high on poorly lubricated pneumatic in- 
stallations where O-ring packings are used. Normally, O-rings 
are not recommended in unlubricated pneumatic installations 
due to the excessive friction and the resultant high percentage of 
ring failures, 

B. P. Graves.’ O-rings properly applied, are quite effective 
in preventing leakage between sliding surfaces, at least for a 
time. The important question to consider is—‘‘How long will 
they last?” The writer has been seeking for some time to find a 
reliable answer to this question within our own personal appli- 
cations and research, or in any of the papers on the subject of 
O-rings which have come to hand. 

In discussing this subject with many hydraulic engineers and 
users of hydraulic equipment, the life of sliding O-rings has been 
questioned seriously, and the consensus of opinion seems to be 
that their life is too short. So instead of presenting a discussion 
on this paper, the writer finds it almost necessary to question the 
authors as follows: ; 

Can the life of O-rings be extended to a practicable degree by 
practical methods, or ordinary shop methods? Of particular 
interest to us would be the effect on life of O-rings, of such mat- 
ters as relative smoothness of the sliding surfaces, the condition 
of the grooves into which these O-rings fit, the composition of the 
O-ring and its hardness, amount of initial compression, working 
pressures, and speed of oscillation. 

The several questions sum up to this one particular issue—is the 
life of an O-ring to be measured by the number of starts, the total 


§ Director of Design, Brown & Sharpe Manufacturing Company, 
Providence, R. I. Fellow ASME. 
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distance traveled, or is it mainly a question of time under pres- 
sure? 

We are particularly inter ested in the O-ring applic ation because 
it offers a tantalizing picture of extreme compactness, high initial 
efficiency, and economy. 

Answers to the foregoing qiestions would be of great value to 
the application engineer and to the user. 


L. S. Linperots, Jr.° It is most inferesting to note the indi- 
cations of uniform performayce of rings made by different manu- 
facturers. The data in the curves of running and breakout fric- 
tion should be very helpful to the design engineer. 

If future work is contemplated to carry on and amplify these 
data the writer would like to suggest a series of experiments to 
determine the possible variation in friction with different rod ma- 


terials such as chrome plate, stainless steel, nonferrous alloys, and - 


so on. From the designer’s point of view it would be helpful to 


have the friction expressed in terms of rod or cylinder cireum-*. 


ference. It would also be helpful to know whether the present 
AN specifications on the O-ring material are optimum for all types 
of service. Personally, the writer believes that for industrial 
use a better material can be compounded, since for one thimg the 
extreme temperature requirements of the AN —— are 
seldom encountered. 

He has often wondered whether a rod or cylinder nities could 
be made too smooth, and perhaps the results indicated in Fig. 5 
of the paper, on the running friction of the 1.7-2.0 rms rod bears 
this‘out. Notice that the point indicates a higher friction than 
the extended curve. 

Personal experience has indicated that long time delays, sev- 
eral days to several months in duration, give extreme breakout 
friction values. This paper does not indicate whether any ex- 
periments considerably over 40 min duration were made. This is 
an important factor as relating to storage life of completed units 
and deserves considerable attention. ° ; 

Were the points on the various curves measured with the rod 
going in one‘direction only or were directions measured and re- 
corded? If both directions were recorded was there a difference 
between frictions with a dry and an oily rod? 

On the measurement of the breakout friction with variation in 
rod speed, does not acceleration play a larger part than change in 
friction? With the bellows, fluid, and engine indicator parts all 
having appreciable mass, some qtiestion may arise as to the accu- 
racy of the measurement of nonstatic loads. It may be desirable 
in future experiments to use a measuring means independent of 
mass in the measuring instrumentalities. 


All tests in this paper were carried on at room temperature, pre- 


sumably 70 F. It has been the writer’s experience that most oper- 
ating equilibrium temperatures are on the order of 150 F, unless 
special cooling is introduced. It would be helpful to know what 


effect temperature would have on the running and breakout’ 


friction with the time delay starting at the elevated temperature. 


B. R. Teree.”’ The study of all packings used in aircraft hy- 
draulic systems regarding their frictional behavior due to change 
in squeeze, time delay between strokes, pressure and.roughness of 
moving surfaces has always been of the utmost need, For years 
the aircraft hydraulic designers and engineers have been searching 
for such useful data to improve the operation of their equipment 
by reducing over-all friction. covered in this 
paper gives a clear-cut analysis of the frictional characteristics of 


The discussion - 


6 Professor of Mechanical Engineering, Iowa State College of Agri- 
culture and Mechanic Arts, Ames, lowa. Mem. ASME, 

7 Project Engineer, Aircraft Development, Weatherhead Company, 
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O-rings, most commonly used in the aircraft industry at this 
time, and the authors along with the Bureau of Aeronautics, 
should be‘complimented for this presentation. 

In almost all aircraft hydraulic-equipment design work, there 
are two major points or locations where friction data on packing 
installation is badly needed. These two points are, rod-gland- 
seal installation; and piston-head-seal installation. It is also 
pointed out that most of the serious problems in industry are with 
seals which are installed at rod ends of cylinders, where the leak- 
age can be detected very easily. 

The authors have discussed the investigation of this gland seal 
very thoroughly. In the test setup émployed by the authors the 
O-ring does not change position at the start of the stroke. In an 
actual aircraft piston-ring seal the O-ring is at the side of the 
groove next to the pressure prior to starting the stroke. There- 
fore the O-ring must move to the opposite side of the groove as 
the pressure is applied, and as the stroke starts. This test in- 
formation and data may not cqrrelate with actual service experi- 
ences on piston-head seals. It is believed that in actual operat- 
ing conditions the breakout friction will be less due to the rolling’ 
of the O-ring before the actual starting of the stroke. 

It is surprising that in no place in this paper is there mention 
of friction tests at zero or very low pressures. Installations with 
such requirements are common in the aircraft industry. 

There is also no mention of friction of O-rings with the use of 
leather back-up rings. This is understandable because there is 
an increased amount of work and testing involved for such an 
investigation. 

It is stated in the paper that in the range of dimensions investi- 
gated, there was no appreciable difference in friction due to O-ring 
sizes. It is hoped that this will not be misinterpreted or confus- 
ing to designers because there must be a difference in friction due 
to change in size of O-ring as friction should be directly propor- 
tional to contact area. ; 

The information covered in this paper is very valuable to the 
aircraft industry and also’to all industrial hydraulic applications. 
It is important that it is leading to the discovery of causes of 
failure and other phenomena which occur in hydraulic systems. | 
It is suggested that the authors, in their final analysis of friction 
characteristics of O-rings, prepare a technical chart wherefrom ‘hy- 
draulie designers can pick friction information for their par- 
ticular designs at a ance. 


“AUTHORS’ RE 


The authors wish to thank the critics for their remarks about 
the work. Mr. Davisson’s discussion of the background of the 
project is a fitting addition to this summary of facts. Many of 
the questions raised in the discussion are beyond the narrow scope 
of this paper, but are welcomed because they propose a rather: | 
logical course for further investigation. They introduce problems 
of fundameital importance to the hydraulics industry. 

- For all data reported, rod travel was in a direction opposite to 
the direction of applied working pressure. This is almost always 
the performance conditton for rod seals when an hydraulic cylinder 
is operated. However, limited tests were made for the reverse 
case in which travel was in the direction of the applied working 
pressure. A or high-frequency ‘‘stick-slip”’ type 
of friction was observed which was considered unworthy of analy- 
sis. Recent endurance-cycling tests at Battelle indicate that this 
application shortens O-ring life. 


“toe-stubbing”’ 


This study Was confined to room temperatures which averaged 
about 90 F, but actually ranged from 60 to 115 F. This was de- 
pendent somewhat ‘upon 6perating conditions, but mostly upon 
the season of the year. This factor is considered to be only a 
minor cause for the rather wide deviations reported. Inspection 
of the data and temperatures at which single measurements were 
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made seems to indicate that running and breakout friction in- 
crease slightly with temperature. This was not demonstrated 
conclusively, however. 

In so far as packing life at higher temperatures is concerned, it 
is well known that rubber ages much more rapdly at higher tem- 
peratures. Consequently, an appreciably shorter packing life 
would be expected for an application involving temperatures in 
excess of that for which the packing was designed. AN-P-79 
packings are designed for a maximum temperature of 160 F. 
Many commercial-type packings have been designed for still 
higher temperatures. An upper limit for rubber-type packings is 
believed to be in the range of 250 F. 

Zero-pressure breakout friction was not included in the work re- 
* ported here. However, a study of certain unreported data has 
shown that zero-pressure breakout may be determined by extra- 
polation to zero pressure of the values determined at 500, 1000, 
and 1500 psi, when the other factors remain constant. This 
method generally determines values within the deviation limits 
cited, but they are occasionally high by as much as 50 per cent. 

Time delays in excess of 40 min., and O-ring installations with 
leather back-up rings were not studied. Early work at Battelle 
showed that time delays of several days gave only slightly greater 
breakout friction than that obtained for 40 min. The maximum 
delays reported are, therefore, approximately representative of 
the maximurn breakout developed by O-rings during pressurized 
stand-by periods. Over a long period of time, for example, several 
months in a service installation, other factors such as permanent 
set and fouling of the extended rod, due to heat and dust exposure, 
would be expected to increase breakout friction a significant 
amount. ‘ : 

Variable acceleration, if it existed, was dependent upon stroke 
speed, due to the nature of the test machine. Therefore, it is be- 
lieved legitimate to express breakout friction as a fuction of stroke 
speed in Fig. 7 of the paper. Recent measurements have shown 
that rod acceleration was in the order of 100 fps per sec. There- 
fore, a.full-stroke speed of 300 ipm was reached within about 0.004 
sec after start. Recent oscillograph-type measurements of fric- 
tion, which correlate very well with the engine indicator-type 
measurements of friction reported in this paper, show that break- 
away occurs during this acceleration period. 

The mass of the bellows and engine indicator are believed to 
have introduced some inertia factor into the breakout results re- 
ported. However, very little displacement of these components 
during breakout was observed, making this factor a negligible 
one, in light of the deviations reported. The authors realize the 
need for a method of measuring breakout friction which would be 
totally independent of any inertia interference. 

The initial position of the O-ring recently has been observed to 
vary unpredictably during the stand-by period. An initial static- 
frietion pull on the rod due to pressurization of the O-ring alone 
has been seen to vary from zero to 5 lb. Considering the high- 
order acceleration involved during breakaway, this is believed to 
account for the large deviations in the breakout-friction results. 
This irreproducibility would, however, be characteristic of actual 
O-ring installations in hydraulic systems. 

It was seen that running and breakout friction decreased with 
increased rod smoothness for the range of surface finishes studied. 


Although two points at 1.7-2.0 microin. rms in Fig. 5 of the paper, 
are out of line and indicate higher friction, a different O-ring was 
tested for this surface finish. The reproducibility of friction be- 
tween different O-rings is illustrated in Fig. 8, and could account 
for the deviations from the smooth curves drawn in Fig. 5. 

Since the presentation of this paper, considerable effort has 
been directed toward determining the effect of O-ring size on 
friction, and correlating the accumulated data into technical de- 
sign charts. In general, it was found that the smaller sizes de- 
veloped less friction, as expected. The resultant data, however, 
could not be fitted into a correlation which could be extropolated 
to all sizes. This was due to the large variability in our data, and 
also to many dimensional factors which were difficult to control 
closely. Running-friction characteristics were much more con- 
sistent than breakout friction, and appear capable of being re- 
solved into such charts. More sensitive test methods will be re- 
quired to do this, however. 

It cannot be said that the present AN specifications represent 
the optimum in O-ring material. Instead, they represent the 
minimum requirements, which would enable United States mili- 
tary aircraft to operate anywhere in the world with the same hy- 
draulie fluid and packings. In the development of materials to 
meet this broad objective, many compromises in physical proper- 
ties had to be made. Oil resistance, for example, was sacrificed 
for low-temperature flexibility. O-rings with physical properties 
superior to AN compounds have been formulated for individual 
industrial applications, where low-temperature flexibility is not a 
problem and wider latitude exists in the choice of a hydraulic 
fluid. 

The frictional characteristics of O-rings are believed indicative 
of their expected life in service, within limits. High breakout fric- 
tion is evidence of extrusion, where the packing is more susceptible 
to “nipping” when the rod is actuated. O-ring packings will tend 
to wear away faster by abrasion when running friction is high. 
Endurance cycling tests show, however, that the wearing rate of 
the packings does not correlate strictly with O-ring life, though 
wear is proportional to the number of completed strokes. Further 
investigation revealed that strict definition and control of pres- 
sure-time characteristics is of utmost necessity in conducting life 
tests, and being able to predict how long the O-rings will last in 
service. Accurate measurement and close control of the pressure- 
time relations in hydraulic systems is a serious problem in itself. 
This will have to be solved before the effect of the finite packing 
properties on O-ring life can be determined. 


TABLE 3 SUMMARY OF GLAND-DESIGN FACTORS 
-——- Low pressure-—— 
(500 psi) 
Surface 
finish 
Maintain 
as smooth 
as possible 


—High pressure—-——~ 
(1500 psi) 
Surface 

Squeeze finish 
Unimportant Unimportant 
10 to 16% in 2- to 1l- 
microin. 
range 
Maintain 
as smooth 
as possible 


Type of 
application 
Intermittent 
cycling (break- 
out friction is 
important) 
Continuous 
eyeling (run- 
ning friction is 
important) 


Squeeze 
Maintain 
as low as 
possible 


Maintain 
as smooth 
as possible 


Maintain 
as low as 
possible 


Unimportant 
10 to 16% 


It is believed that the friction studies point out certain gland- 
design considerations which can be applied to lenghten O-ring life. 
These are summarized in Table 3 of this closure. 
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“Strength-Variance Studies of Plastics 


By W. J. GAILUS,' STEVEN YURENKA,? ano A. G. H. DIETZ* ° 


Preliminary work of the plastics research program at the 
Massachusetts Institute of Technology, sponsored by the 
Plastic Materials Manufacturers Association is reported. 
A statistical study of the effect of pertinent variables 
likely to be encountered in gathering mechanical data 
from a representative system of plastics (polymethyl 
methacrylate) is described. Effect of manufacturer, rat 
of test, and nature of test specimen is reported. =| 


INTRODUCTION 


ASIC to the plastics research program reported in’ this 
B paper was the need for a clear understanding of the varia- 

bles likely to be important and for a rather complete 
knowledge, from a physical viewpoint, of the homogeneity and 
original ‘as-received’ condition of the materials to be tested. 
To achieve this goal, it was decided to obtain randomized physi- 
cal property data on the plastics concerned as part of a prelimi- 
nary exploratory program. From such information it was hoped 
that it would be possible to reach a better-informed decision 
as to the number and distribution of test specimens to be used in 
the future major work; and consequently, the quantities: and 
type of material required. . 

Polymethyl methacrylate was chosen as the first material to 
be studied in detail because it was a representative thermoplastic, 
was readily available in homogeneous form, and had a compara- 
tively simple structure which could, however, be altered chem- 
ically under controlled conditions to give a variety of structural 
The polymethyl methacrylate was supplied by two manu- 
. facturers (hereinafter referred to as A and B). 

Since fairly large numbers of specimens of different shapes 
were to be used in the main program, uniformity as regards the 
material going into the various types of specimens was of prime 
importance, and so it was decided to machine them from cast- 
sheet stock. 


forms. 


In order to obtain the requisite information just 
mentioned, a preliminary statistical program was designed to 
investigate the following Variables: 


1 Variation in the material supplied by manufacturers A and 
B to determine generally over-all differences in the material due 
to inherent variations, and differences in the manufacturing tech- 
niques used by A and B. 

2 Variations of the material taken from different positions 
in a particular sheet 
mediate 


center, corner, center of edge, and inter- 
all with the view in mind of determining the degree of 
uniformity within any one sheet itself as regards positional varia- 
tions. 


* | Research Associate, Plastics Research Laboratory, Department 
of Building Engineering and Construction, Massachusetts Institute 
of Technology, Cambridge, Mass. Jun. ASME. 


? Research Associate, Plastics Research Laboratory, Department, 


of Building Engineering and Construction, Massachusetts Institute 
of Technology. 

* 3 Associate Professor of Structural Engineering; Director, Plastics 
Research Laboratory, Department of Building Engineering and 
Construction, Massachusetts Institute of Technology, Mem. 
ASME. 

Contributed by the Rubber and Plastics’ Division and presented 
at*the Fall Meeting, Erie, Pa., September 28-30, 1949, of Tue Amert- 
CAN Society or MECHANICAL ENGINEERS. 

B Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—F-33., 


3 Variation of the material taken from sheets of different 

thicknesses, } in., } in., and 1 in. to obtain an indication of the 
uniformity in the sheets as regards material cast in different sheet 
thicknesses. 
. 4 Variation of material taken from the surface of the sheets, 
as compared with material from the center of the thicknesses, to 
indicate the uniformity of the material in so far as depth from the 
surface was concerned. 

5 Variation in measured physical properties as influenced by 
two testing speeds, differing by ratios of approximately 10 to 
1. The reason for including item (5) was twofold: (a) to get 
an indication of the importance of the rate of test; and (b), to 
have a basis of relative comparison for the importance of the 
first four variations. It is the results of this preliminary survey 
that are presented in this paper. 


MATERIAL AND Test ProcepuRE 


The material investigated was supplied in duplicate by manu- 
facturers A and B in the form of cast sheets in three thicknesses, 
} in., 3 in., and 1 in., and approximately 36 in. X 36 in. in size. 
Manufacturer A supplied straight commercial-run stock while 
manufacturer B supplied material manufactured in a commercial 
run but under the supervision of laboratory personnel. In addi- 
tion, the material supplied by B was given subsequent annealing 
treatments. ‘ 

Te facilitate that portion of the program concerned with speci- 
men manufacture and of actual testing, it was decided to use 
simple bending tests throughout this preliminary work to obtain 
the physical data to be used in the calculations. The specimens 
employed were 0.2 in. thick, 0.5 in. wide, and of such length that 
the tests could be carried out with 3.2 in. between the supports 
(span-depth ratio of 16 to 1). Loads on the specimens were ap- 
plied at the center of the span. The positions of the various 
specimens with respect to the sheets are as shown in Fig. 1. 


a 
Fic. 1) Sampie Positrions Cuosen From Cast Saeetrs or Pory- 
METHYL METHACRYLATE 


The numbered positions are diagrammatic, i.e., the group of 
specimens from position 3, for example, might have been taken 
from any of the four corners, not necessarily the one shown. Sur- 
face specimens were machined from the same surface of the sheet; 
interior specimens were machined from the geometric center 
plane of the sheets. Since the major portion of the samples to be 
used in the main testing program would have machined surfaces, 
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it was felt desirable to minimize the complication of the ‘skin 
effect;’’ therefore the surface specimens were loaded with the 
molded skin on the upper, or compression, side. The tests were 
conducted in an air-conditioned atmosphere of 77 F and 50 per 


cent relative humidity (RH) at constant rates of crosshead motion *” 


(effectively constant rates of deflection) at speeds of 0.10 and 1.00 
inches per minute. 
ANALYSIS PROCEDURE 

The value of an experiment is measured directly by the re- 
liability of the measurements made. Reliable measurements in 
turn depend upon complete, or at least adequate, recognition of 
the variables involved and of their relative importance. The 
analysis-of variance assigns to each of the five previously men-" 
tioned experimental variables (and combinations of them) its 
appropriate share of the total experimental variation and then 
tests whether each such share is significantly high or merely due 


to chance. With the aid of the results of such an analysis, any , 


future program can be planned with confidence. If the analysis 
shows a large variation, for example, due to the position from 
which the specimen is taken in the sheet, or due to sheet thick- 
ness, then, in future work, an effort can be made to take speci- 
mens for a given series of ‘tests from positions close to the same 
spot in a given sheet, or from sheets of the same.thickness. In 
addition to evaluating the main sources of variation, these tests, 
give a measure of the inherent and unavoidable variation in the 
results to be expected due to the host of uncontrolled variables 
which are acting, such as slight variations in temperature, 
humidity, speed of test, and dimensions. This uncontrollable 
variation or error is used as a base value in determining the num- 
ber of tests, and so the amount of material, necessary for future 
testing work. Details on this point will be-given in a‘later sec- 
tion. 


TABLE 1 MAXIMUM BENDING STRESS (Mc/J) PSI; TESTS AT CONSTANT RATE OF CROSS- 
HEAD MOTION 


APRIL, 1950 


In a complete formal analysis of the five variables being con- 
sidered, there are 31 categories into which the total variation 
would be divided. These include the five main effects of testing 
rate, sheet thickness, manufacturer, position in the sheet, and 
“depth” in the sheet, i.e., surface as compared to internal speci- 
mens. These-are the most likely sources of significant variation. 
In addition, there are ten first-order interaction effects such as 
the interaction of rate and sheet thickness, manufacturer and 
depth, position and depth, and so forth. The variation due to 
an interaction term would be a variation in one factor as caused 
by a variation in another factor. For example, consider the inter- 
action term “testing rate and depth.”’ It may very well be that 
the total average of maximum strengths would be the same for 
surface specimens as for internal specimens, yet the fast surface 


*specimens may _ test significantly high compared to the fast 


internal specimens with the slow: surface specimens significantly” 
low compared to the slow internal specimens. The magnitude of 
the first-order interaction term, rate and depth, would indicate 
this condition. In addition to the fifteen variational terms al- 
ready mentioned, there are ten second-order interaction terms 
such as “rate X depth X manufacturer,” and “sheet thickness X 
rate X position.” Further, there are also five third-order inter- 
action terms, and one fourth-order ‘term. These higher-order 
terms are of the same nature as the first-order interactions de- 
scribed, but much more difficult to comprehend and to associate 
with a physical meaning. 


CALCULATION MECHANICS 


The entire following discussion will be Goncerned with the maxi- 
mum stress values obtained from the bending tests using the 
formula s = Me/I. 
must be made if the modulus of elasticity values are considered. 

After the tests have been completed and the data tabulated 


A completely separate and similar analysis 


Material A 
Original Sheet Thickness 


Material B 
Original Sheet Thickness 


| 


Surface Specimens 


Fast Rate Tests 


Position l 17,400 19,100 
" 2 19,900 | 18,500 
17,300 | 18,600 
4 20,200 21,200 


15,900 


19,130 16,900 | 20,100 
15,870 | 13,500 | 17,400 | 20,200 
17,520 | 15,050 | 19,500 | 17,860 
20,940 | 14,300 | 16,800 | 16,320 


Slow Rate Tests 


Position l 18,150 | 16,100 
19,300 | 18,000 
" 3 16,400 | 16,000 
" 4 18,900 | 17,450 


17,500 | 13,500 | 15,100 | 17,400 
18,490 |- 12,250 | 16,400 | 16,800 
15,280 |' 13,200 | 13,600 | 17,700 
17,610 | 13,400 | 13,200 | 16,900 


Internal Specimens 


Fast Rate Tests 


Position 1 22,300 
19,900 | 22,400 
° 3 14,200 | 16,500 

20,450 22,600 


9,990 | 15,800 | 18,800 | 20,200 7 
13,760 | 14,850 | 16,500 | 11,960 
16,320 | 15,450 | 16,100 | 16,320 
13,400 |- 14,100 | 15,400 | 16,820 


Slow Rate Tests 


om Position 1 16,800 | 18,500 
. 2 18,000 | 20,600 
3 17,500 ‘| 18,950 
4 19,400 


9,640 | 14,100 | 14,850 | 16,700 
15,190 | 13,800 | 15,100 | 16,800 
12,820 | 11,850 | 16,200 | 17,800 

16 ,600 
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TRANSACTIONS OF THE ASME "APRIL, 1950 


form shown in Tables 2 and 3. The original maximum stress — vertical sums. This latter operation ‘provides a check on the 
values from Table 1 have been decreased by 10,000 and divided — preceding computations. ; 

by 10 to reduce the size of the terms to be encountered in later _ Tabulations like the ones shown in Tables 4, 5, and 6 (theré 
arithmetical manipulations. (In general, all values in the initial would be ten such tables if all were listed, one for each of the . 
data may be multiplied by a constant, or have a constant added — -first-order interactions) are then filled in with the appropriate 


to them without affecting the results in any way.) . sums. The totals which were formed in Tables 2 and 3 are now 
The entire original data have been plotted in the frequency- found to be convenient aids for making all the entries into Tables 


(Table 1), the information may be entered for analysis in the may be obtained ‘by a summation of either the horizontal re 


distribution bar graph, Fig. 2. It can be seen that the maxi- — 4, 5, 6, ete., except in the case of the position versus thickness 


table (Table 6). Here, for example, the first entry is obtainéd by 
M,,°ARITHMETIC MEAN TOTAL using the individual values in Tables 2 and 3, or.815 + 350 + 740 
* war’. + 500 + 680 + 410 + 860 + 580 = 4935. Considering now for 
My . * MATL "8" a moment Table 4, it may be seen that the first entry is the sum of 
F all fast-rate, “A” specimens, or 10,566 (from Table 2) + 9032 
(from ‘Table 3) = 19,598. “In a similar manner the remaining 


three entires are obtained. As a further example, consider 
Table 5. The first entry is the sum of all fast-rate, position 1 
specimens or 2563 + 2200 (both from Table 2) + 2079 + 2480 
(both from Table 3) = 9322. This procedure is followed in filling 
in the remaining values. 


Finally, Table 7 may be made up, putting the “sum of squares * 
of the deviation” in the first column. 
The sum of squares of deviation is defined by the series 
© 2 4 6 "20 22 
STRESS RANGE IN KIPS 7 
Fie. 2) Yartance Serres Frequency Disrrisution; Maximum 
Srress IN BENDING * ‘ where < is the mean value of maximum stress considering a par- 
+ ticular variable and & is the mean value of maximum stress con- 
a a a a ee sidering all of the data; n is the total number of readings or values 
. considered, To clarify this situation a bit, take, for example, 
that the arithmetic mean of the stresses for materials A and B tl “ti thick Tabl 
and for their total lie between 15,000 and 17,000 psi... The ordi- (see 
- 6). The discussion will be simplified considerably by introdue- 
nate of this graph is calibrated in frequency unitsorthe numberof 
ing here afew symbolisms. Let 
specimens which broke within the range of stresses represented : F 
along the abscissa. = total sum of all maximum stress values = 64,208 
Below each table the sum‘of values for each thickness. and rp = total sum of maximum stress values for any one posi- 7 
manufacturer is formed, and horizontally, the sum of values for tion : 
each position and manufacturer is similarly obtained. This is = 16,156 for position 1, ete. (four values in all) . 
done to facilitate construction of further tables, as will presently Yr, = total sum of maximum stress values for any one 
be appreciated. The sum of all values for a given manufacturer thickness 
rABLE 4 VARIANCE COMPUTING TABLE; RATE OF TEST VERSUS MANUFACTURER 
Manufacturer Fast Rate Slow Rate Total a 
19,598 16,842 “36,440 
B 15,523 12,245 27,768 
Total 35,121 29,087 64,208 | 
. @ 
(0) Sub-totel sum of squares = 4 [ (29,598) + 
Dry 
4 
44,109,921.7 


2 
(1) Sum of squares of Rate Deviations = ¥ (x,-2) = [ (35,222) +. 


(29,007)"]- 2, (64,208)" = 379,262.21 


2 
(2) .Sum of squares of Manufacturers.Deviations = 


[(36,440)7+ (27,768)*] - 2, (64,208)” = 783,370.7 


(3) Interaction.of Rate vs. Manufacturer = (Sy = 2838.3 


-GAILUS, YURENKA, DIETZ STRENGTH-VARIANCE STUDIES OF PLASTICS 


TABLE 5 VARIANCE COMPUTING TABLE; POSITION VERSUS RATE OF TEST 


Position Fast Rate Slow Rate Total 


9,322 .| 6,634 "16,156 
8,474 8,073 16,547 
8,072 6,830 14,802 
9,253 16,703 
Total 35,121 29,087 64,208 


2 
(0) Sub-total sum of squares = = [(9,s22)"+ = 
R | 


45,121,653.2 


(1) Sum of squares of Rate Deviation ((35,121)7 + 


(29,087)? ]- (64,208) = 379,262.1 
(2) Sum of squares of Position Deviation = 16,156)” 
(64,208)* = 93, 422.6 


Interaction of Position vs. Rate = 1,704,517.9 


r 


FABLE 6 VARIANCE COMPUTING TABLE; POSITION VERSUS THICKNESS 


Original Sheet Thickness 
Position. +" $" Total 
4,935 6,165 5,056 - 16,156 
5,150 6,490 4,907 : 16,547 
4,095 5,545 5,162 14,802 
5,280 6,185 5,238 16,703 


19,460 24,385 20,363 64, 208 


(0) Sub-total sum of squares = ine” [ (4,935)? 


(5,150) (4,095)2 +...] = 43,547,174.7 


(1) Sum of squeres of Thickness Deviation = =)* - 


Lex)? = [ (19, 480)7+ ...] - (64,208)” = 
45,974,112.3 - 42,944,450.6 = 429,661.7 
(2) Sum of squares of Position Deviation: = 2 [ (as, 156)” 
(64, 208)2 = 43,037, 937.2 - 42,944,450.6 « 


93, 422.6 


(3) Interaction of Positior vs. Thickness = = 79,575.8 
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TRANSACTIONS OF THE ASME > 


OVER-ALL VARIANCE ANALYSIS 


1950 


Cause 


Sum of 
Squares of of 
Deviation 


Mean 
Square 
Deviation 


Degrees M.S.D. 
Freedom 5490 


Manufacturer 


783,370.7 


783,370.7 | 224.46 


Rate of Test 


379,262.1 


379,262.1 | 108.67 


Depth 


109 ,080.2 


31.26 


Thickness 


429,661.7 


1 
1 
1 109 ,080.2 
2 


214,330.8 | 61.56 


Position 


93, 422.4. 


31,140.9 8.92 


_ Rate x Manufacturer 


2,838.3 


2,838.3 0.81° 


Depth x Manufacturer 


34,504.1 


34,504.1 0.99 


Thickness x Manufacturer 


1,645,879.8 


822,939.9 2355.80 


Position x Manufacturer 


435,061.9 


145,020.6 


Position x Depth 


757.6 


252.5° 


Rate x Depth 


258,095.4 


258,095.4 


Thickness x Depth 


927 ,902.5 


463,951.3 


Rate x Position 


1,704,517.9 


568 ,172.6 


Thickness x Position 


79,575.8 


13,262.3 


Thickness x Rate 


91,670.0 


45,835.0 


2nd 3rd 4th 
Order Interactions 


219 , 868.9 


3,490.0 


TOTAL 


| 7,195,535.4 


19,460 for the . (three values in 
all) 
= total sum of strength readings for any one combina- 
tion of a specific thickness and a specific position 
4935 for position 1, } in. 
values in all) 
number of readings totaled to form each 2 Sip 
total number of value ss 96 24 
number of sums P 


} in. thickness, ete 


thickness, ete. (twelve 


number of readings totaled, to form each Yr, 


total number of values | 96 


on = 32 
number of sums 7 3 


number of readings totaled to form each Srp, 
total number of v values _ 96° 
12 
total number of Values = 96 


number of sums s PT 


_ number of positions studied =e4 
Npr 
— number of thicknesses studied = 3 
The sum of squares of deviation between the mean maxi- 
mum stress values for each thickness and the mean maximum 
stress for all values may now be written in the form 


The equation for computing the position deviation is analogous 
and of the form 


n 


Np 1 


the equation for computing the deviation due to the 
interaction, of position and thicknéss may be written in the form 


Finally, 


(fpr — Xp - ¥7 + 8)? 


— tp)? + (=r)? 
l 1 n 

Similar equations can be written for all other variables and 
interactions. The involved in evaluating 
equations numerically are shown for compactness, below each 
of the Tables 4, 5, 6, ete. as Equations [1], [2], and [3]. 

The procedure just described is followed for all’ entries in 
Table 7, including the total values, with the exception of the 
term consisting of the second-, third-, and fourth-order inter- 
actions. This term is equal to the total immediately below it 
minus all the terms above it. 


calculations these 


The manner in which the foregoing procedure has been pre- 
sented requires that the effects of the second-, third-, and fourth- 


order interactions be lumped together in one sum. To separate 


-out the second-order interaction would require a duplication of 


about as much effort as has — been expended in piteiien 
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up the present tables. A new sheet with ten additional three- 
way instead of two-way subtables would be required. 

The degrees-of-freedom items of the second column of figures 

7 are obtained by subtracting one unit from the total 


in Table 7 
number of items in each category. Thus, for example, because 


there are two manufacturers, and one of these may be ‘“‘assumed,”’ 


the degrees of freedom for the manufacturers is the remainder, or 
one. Also, since three different thicknesses of specimens were 
tested, and one of these may be assumed, the number of de- 
grees of freedom is the remainder, or two, ete. Since the total 
number of specimens tested was 96, the total degrees of freedom 
is one less or 95. 

The mean-square deviation, or variance, listed in the third 


column of Table 7, is obtained by dividing each sum of squares’ 


Each 
of these mean-square deviations is an estimate of the variance of 
the 96 maximum stresses. If all 96 values were “alike,”’ i.e., 
differed only at random, and had no significant trend between 
manufacturers, rates, thicknesses, etc., thén all the estimates of 
variance would be alike. By alike is meant here that the 
values will differ from each other in magnitude, but not signifi- 
‘cantly. 


of deviation by its respective degrees-of-freedom value. 


Actually, from the values of the mean-square deviations shown 
in Table 7 we can conclude in the case of the first five causes 
that there was a significant difference in strength between mate- 
rials A and B, since the estimate of variance due to manufacturers 
is significantly. high. Furthermore, the estimate of variance 
due to position is significantly low compared to the values of the 
other four causes, which would indicate that there was not much 
difference in the maximum strength of specimens taken from 
various positions of the test plate or, in other words, the test 
plate is fairly homogeneous. It is important here to emphasize 
the fact that this conclusion is a relative one based upon con- 
sideration of the five primary causes, i.e., of these five causes, 
the position variation is the smallest. This is all that can be 
said at this point. The causes taken in order of importance of 
their influence on the maximum stress values obtained are as 
follows: (1) manufacturer, (2) rate of test, (3) thickness, (4) 
depth, (5) position. 

In the case of the interaction terms, the analysis is not so simple, 
but here again it can be seen that the greatest influence on the 
maximum stress is that of cause (8), thickness versus manufac- 
turer; and the least influence is that of cause (10) or position 
versus depth. The higher-order interaction terms (second, 
third, and fourth order in our case) do have physical meanings 
especially to engineers. Statisticians rarely include such in their 
analyses and indeed we have already obtained all the information 
we want so that the second and higher interactions are combined 
and taken as the variance or variability of the material due to 
such other variables not specifically considered here, such as 
fluctuations in temperature and humidity, and random errors 
in measuring dimensions, rates, deformations, ete. This vari- 
ance is, so to speak, the basic, unavoidable, and unallocatable 
variation; and is used as the basis for comparison by which the 
other variances are judged significant. a 

The mean-square deviations which are smaller than the second-, 
third-, and fourth-order interactions combined obviously are not 
significant, but those which are considerably larger should be 
analyzed. To facilitate comparison, a convenient tabulation is 
obtained by dividing the mean-square deviation of the effect being 
tested by the mean-square deviation due to second-, third-, and 
fourth-order interactions ‘(the lumped variation). The values 
obtained are shown in the last column of Table 7 and are further 
plotted in the form of a bar graph in Fig. 3. It is readily apparent 
that the general effect vf manufacturer is greatly pronounced, 
overshadowing all else except thickness X manufacturer, which 
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Fig. 3 Variance Serres Comparative VARIANCES 
might conceivably also be due to the manufacturer participa- 
tion. The rate of test is shown to be highly significant also, as 
might be expected. Thickness X depth is certainly significant 
and would indicate the necessity of expecting different results 
from tests on specimens taken from different thicknesses at vary- 
ing depths below the surface even when the tests are somewhat _ 
identical, The same is true for rate X position, 
Suppivipep ANALYsIs 


The over-all statistical studies here reported have grouped — 
interaction terms which hinder specific allocation of effect to — 
their proper factors. Thus to get a clearer idea of the relative 
subdivided variance study has been made. Analyses of mate- 
rials A and B separately to eliminate cross-terms attributable 
to variations between manufacturing techniques were thought 
most likely to clarify the situation. The computations made 
were carried out in the manner previously explained in detail, 
and have been summarized in Tables 8,9, 10, and 11. The mean- 
square deviations in the last column of Tables 9 and 11 have also 
been plotted in the form of a bar graph in Fig. 4. Since the 
maximum order of magnitude was three, the analysis was carried 
out in detail to study the third-order effects, as shown in the — 
tables and graphs. 

Both of these subdivided analyses indicate that the largest 
deviation is caused by differences in physical properties of sheets 
of different thicknesses of apparently identical material. The 
remaining “mean-square-deviation’’ terms of the material B_ 
analysis seem to indicate that the effect of rate of loading is 
sizable, as normally would be expected, and, further, that posi- 
tional variations and depth variations (surface versus internal — 


Cause MATERIAL 


BETWLCEN 
THICKNESS 8 


BETWEEN POSITIONS 
WITHIN THICKNESS 


WITHIN POSITIONS 
WITHIN THICKNESS 
SETWEEN RATES 


WITHIN POSITIONS 
WITHIN THICKNESS 
BETWEEN DEPTHS 


POSITIONS 
WITHIN THICKNESS 
RATE VS. DEPTH 


VARIANCE WW 100,000 UNITS 


VARIANCE SERIES CoMPARATIVE VARIANCES” 


magnitudes of the variations due to the various causes, a further, 
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TRANSACTIONS OF THE 


TABLE 8 VARIANCE STUDY; 


APRIL, ‘1950 


MATERIAL B COMPUTATIONS 


Thickness 


1/4" 


1/2" 


Fast Slow Totel 


Slow Total Fast Slow Total 


500 
580 


Surface 
Internal 


350 
410 


850 
990 


1010 740 
1020 670 


510 
485 


1200 
13565 


1750 
1690 


TOTAL 1080 1840 


995 2565 2030 1410 3440 


550 
485 


Surface 
Internel 


575 
865 


680 
680 


640 
510 


1380 
1160 


1020 
196 


1700 
876 


TOTAL 835 


1440. 


1150 2540 | 1216 1360 2576 


505 
545 


Surfece 
Internal 


825 
730 


786 770 
632 780 


1310 
1230 


360 
620 


1556 
1412 


TOTAL 1050 1555 


980 2540 2968 


Surface 
Internal 


450 
410 


770 
750 


1416 1550 


690 
660 


- 320 
580 


1000 
1120 


632 
682 


1322 
1342 


TOTAL 840 680 1520 


900 2120 1514 13550 2664 


TABLE 9 VARIANCE STUDY; MATERIAL B ANALYSIS 


Effect 


Sum of. Squares 
of Deviation 


Degrees of 
Freedom 


Mean Square 
Deviation 


Between Thicknesses 


899,784 


449,892 


Between Positions 
within Thicknesses 


171,365 


19,040.6° 


Within Positions 
within Thicknesses 
Between Rates 


36 ,012.8 


Within Positions 
within Thicknesses 
Between Depths 


432,153 


228,315 


19,026.72 


Within Positions 
within Thicknesses 
Rate vs. Depth 


319,628 


6) “TOTAL 


2,051,245 


specimens) are of the same order of importance, namely, about 
one half the magnitude of the deviation due to rate of loading 
indicating fairly homogeneous material. 

In the material A analysis, it is to be noted that the deviation 
‘between thicknesses’’ is very high, indicating variability in the 
material taken from different sheets is significant, The analysis 
also indicates that deviation “between positions’’ is also high, 
indicating nonuniformity over a single sheet. Further, ‘“depth”’ 
variation is also significant, indicating a nonhomogeneous struc- 


ture in material near the surface of the sheet, as compared with , 


material near the center plane. 
CONCLUSION 


This variance analysis of causes and interaction terms indi- 


* cates that studies correlating structural characteristics of a mate- 


rial, whether chemical, metallurgical, ete., with its physical 
properties had best be done by testing samples whose homo- 
geneity and degree of representation (reproducibility) of a mate- 
rial are understood and can, therefore, be taken into considera- 
Further, the importance of considering intéraction effects 
has been indicated. The latter, if not considered, can easily lead 
to false conclusions or effectively mask effects that may occur. 

In the case of the plastic materials analyzed in the paper, it 
has been found that in order to eliminate as many interactions 
as possible, future testing should be carried out using material 
(for particular phases of the work) from a single manufacturer, 
with samples taken from panels of the same thickness, using a pre- 
determined random sampling procedure for obtaining specimens, 
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TABLE 10 VARIANCE STUDY; MATERIAL A COMPUTATIONS 


Posi- 


atom Thickness 


1/4" 1/2" a° 


Slow Total Fast Slow Total Fast Slow Total 


910 
1230 


2140 


815 
680 


1495 


1555 
1540 


3095 


610 
850 


1460 


1520 
2080 


3600 


750 
-36 


714 


Surface 
Internal 
TOTAL 


9135 
902 


1663 
-47 
1616 


1436 
895 
2331 


930 
800 


1730 


1920 
1790 


35710 


850 
1240 


2090 


800 
1060 


1860 


1650 
2300 


3950 


849 
519 


1568 


Surface 
Internal 


TOTAL 


587 


640 
750 


1390 


1370 
1170 
2540 


860 
650 


1510 


1460 
1545 


5005 


Surface 
Internal 
TOTAL 


600 
895 


1495 


528 
282 


810 


1280 
914 


2194 


890 
805 


1695 


1910 
1850 


3760 


1120 745 
1260 940 


2380 1685 


1865 
2200 


4065 


Surface 
Internal 
TOTAL 


761 
379 


1140 


1855 
719 


2574 


TABLE 11 


VARIANCE STUDY; 


MATERIATI 


4 ANALYSIS 


Effect 


Sum of Squares 
of 


Degrees of 


Freedom 


Mean Square 
Deviation 


Between Thicknesses 


1,175,757 


587 ,878:5 


Between Positions 
within Thicknesses 


543,511 


60,390.1 


Within Positions 
within Thicknesses 
Between Rates 


470,464 


39, 206.2 


Within Positions 
within Thicknesses 
Between Depths 


1,389,377 


115,781.4 


Within Positions 
within Thicknesses 
Rate vs. Depth 


929 


6) 


TOTAL 


4,508,919 


Prof. L. C. Young for his invaluable assistance in applying and — 


interpreting the techniques of the statistical approach, and to. 
> L. Lipschitz for his assistance in setting up the mechanics of the — 
problem in the initial stages of the work. W. Campbell assisted 
in some of the tests. 


and using material which has been prepared by w carefully con- 
trolled technique. 
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Theoretical Considerations on the Optimum 


Adjustment of Regulators 


° By P. HAZEBROEK! anp B. L. van peER WAERDEN! 


In a companion paper, the authors propose some prac- 
tical rules for the best possible adjustment of the param- 
eters ‘of automatic regulators with proportional-plus- 
integral action. The present paper will be concerned with 
the theoretical foundation’ of the method developed. 


FUNDAMENTAL NOTIONS 


’ 


N this paper, we shall assume that a ‘‘single’’ variable is to 
! be kept at a “constant” value by automatic regulation. 

We begin by 4 short survey of the fundamental notions to be 
used. 

Process and regulator are interconnected in such a way as to 
form a closed loop which we will call a “regulation circuit,” Fig. 
1. In a regulation circuit it is appropriate, for the purpose of 
our theory, to distinguish two interdependent variables as fol- 
lows: 


(a) The “regulated variable,”’ which we will denote by zx, which 
should be kept as constant as possible by suitable variations of 
our second variable. 

(6) The “regulating flow,”’ which we will denote by q. 


We will assume that both z and q are measured from their nor- 
mal value, which shall be taken as zero points and expressed in 
dimensionless units; for instance, as fractions of the maximum 
interval in which they may move. 

The restriction shall be imposed that the relationship between 
zx and q is such that the superposition principle is valid, in other 
words that the sum of two time-dependent disturbances of 
q (or z) causes a change of x (or g) which is the sum of the changes 
resulting from the two disturbances taken separately. This re- 
striction has to be made in any general theory of regulation. 

If the superposition principle holds good, we can confine our- 


selves, when studying the response of x (or q), to a “standard 
disturbance,” i.e., a sudden deviation 1 from the normal value 
0, remaining equal to 1 for all positive values of ¢. 


We define two fundamental functions: 


” 


(a) The response function X(t) of the “process’’ with respect 
to the considered variable z. 
ard-disturbance of q, the circuit being open and assumed to be 
severed at A, between process and regulator, Fig. 1. 

(b) The response function Qp(t) of the “regulator” is the re- 
sponse of g to a standard disturbance of x taken with a negative 
sign, the ¢gircuit being open and assumed to be severed at B be- 
tween regulator and process. 


This is the response of x to a stand- 


Any time-dependent, disturbance can be approximated by a 
succession of small ‘step functions’ and hence can be repre- 
sented by a linear combination (sum or integral) of standard dis- 
‘turbances. If the response corresponding to the standard dis- 


1N. V. Bataafsche Petroleum Maatschappij, The Hague, Holland. 

Presented at the ASME Industrial Instruments and Regulators 
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q(t) 
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< 
Fig. 1 


turbance 1 of q is Xg(t), the response corresponding to an arbi- 
trary disturbance q(t) will be 


d rt 


which operation can be conveniently represented by the symbol 
q(t) o Xp(t). 
In the same way we have for an arbitrary disturbance x(t) 


d 
2(0) 0 = — 


Other quantities in the regulation circuit can be derived from 
Xp(t) and Qp(t). Especially important is the following fune- 
tion: 

Behavior of Regulated Variable X,(t). This is the response of 
x to an initial standard disturbance of x under the influence of 
the regulator. For the sake of brevity this will often be called 
the behavior function. 

The behavior corresponding to an arbitrary time-dependent 
disturbance can be found by applying a formula of the same 
kind as Equation [1] or Equation [2] to X,(). 


Types or Response CurRVES 


In order to study the behavior of the variables in a regulation 
circuit, it is convenient to assume hypothetical response curves 
representing mathematical functions distinguished by simple 
properties. By suitable adjustment to certain parameters oc- 
curring in these functions they are adaptable to a more or less 


-close approximation of the majority of response functions met 


with in practice. The latter point has been treated more fully 
in the practical part. 

For the present we shall confine ourselves to the discussion of 
the kind of regulation that is performed by a regulator with pro- 
portional plus integral action, and which may be represented by 
the idealized response function : 
fo fort S 

> 


0 
Qn) = \ a+ bt fort >0 
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As for the process, two classes of response functions will be 
‘considered as follows: 

1 Processes with self-regulation of the following three types; 

Type A, Curves having contact of the order n — 1 with the 
axis of 
t? 
2! 


Curves with dead time T, 


X,(t) = +t+ 


Type B. 


l-exp, 


Abrupt response with dead time 7’, 


X19 = 1 for t > T. 


Type C. 


Type C is a limiting case of Type A (n — @) and also of Type 
B(T,— @). 


2 Processes without self-regulation of the following two 


types: 


Type D. 
~2 
= n+e iE + (n + t? 


fort S 7, ) 


Xe) = T,fort>T,, 


Type E is a limiting case of Type B which may be obtained 
from the latter by multiplying Equation [4] by 7, and letting 
become infinite. 

As we have pointed out in the practical part,? the regulation 
has to satisfy different requirements according to the asymptotic 
behavior of the disturbance. In the case of processes with self- 

regulation, we have taken the standard disturbance as our funda- 

Fron disturbance. In the case of-processes without self-regu- 

_ lation, we have considered as a fundamental disturbance the time 
integral of the unit disturbance 


z(t) = 
The behavior of the regulated variable resulting from this dis- 
‘turbance will be called the “second behavior function” and de- 
noted by X*,(t). It is the time integral of X,(t) 
= fy‘ Xa(e)dr 


In all these cases the main question is: 


(t > 0) 


What choice of the 
parameters a and b of the regulator gives the best possible regu- 
lation, and between what limits can a and b vary without mak- 
ing the regulation much worse? 

CRITERION FoR Best REGULATION ’ 
The new feature of our theory is the putting forward of a cri- 
terion for best regulation, which has been proposed by Prof. 
_ W. J. D. van Dijck. According to this criterion we shall have 
optimum performance when the parameters of the response func- 
tion Qp(t) (in our case a and b) are given the values for which 

- (1) in the case of processes with self-regulation, the integral 


= Xz 
?"“The Optimum Adjustment of Regulators,” by P. Hazebroek 
and B. L. van der Waerden, companion paper presented at the IIRD- 


ISA Conference at St. Louis, Mo., Sept. 12-16, 1949. 


attains its minimum value. 


‘ minimized rather than the sum of their absolute values. 
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(2) in the ca e of processes w thout self-regulation, the integral 


= X*,? dt 


This is a reasonable condition as it 
meets both the requirements for good regulation: 

(a) The regulated variable should be quickly reduced to its 
normal value. 

.(b) The fluctuations of this variable should remain small.? * 

These criteria seem to be especially adapted to the special 
types of fundamental disturbances we have assumed. We shall 
prove; howeyer, that it is also satisfactory for more general dis- 
turbances, 


[8a | 


We will first consider processes with self-regulation. 
Let Xg be the behavior of x upon a standard disturbance of 
z, as previously calculated. The behavior due to an arbitrary 


disturbance Xp is 
dt X p(t 


Now suppose that VY, becomes practically zero after a certain 
time 7, and that VY, is a continuous, differentiable bounded func- 
tion of ¢, which means that no sudden, but only gradually increas- 
ing and decreasing disturbances occur. 


{9} may be written 
= X 
D 
Now, by a well-known inequality of Sehwarz 


[ dr | LPH dx g2(x) dx 


In general, we may assume that the disturbances met with in 
practice do not occur so suddenly and so frequently and intensely - 
that the first factor on the right becomes extremely large. As to 
the second factor, we can make it as small as possible by the ap- 
plication of our criterion. Now if the first factor is not too large 
and the second one is made small, the whole product will become 
small, that is, the deviation z(t) will be small for all values of ¢, 
which is the object of regulation. Furthermore, if during some 
time 7' no disturbances occur, z(t) wil! be zero after this lapse of 
time. This is all that reasonably may be expected. 

Next we turn to processes without self-regulation. If we make 
use of the integral, Equation [8], also for these processes, it is 
found that 6 becomes zero. When 6 vanishes, however, the regu- 
lated variable would not revert to its normal value when the dis- 
turbance increases linearly. As we assume that in the present 
case the disturbance is of the latter type, the criterion has to be 
modified. If we replace in our first criterion the integral, Equa- 
tion [8] by [8a], and if we assume further the disturbance Xp to 


z=X)pjoX, = 


In this case Equation 


a(t) r)Ng(r)dr 


we have 


p2(r)dr 


3 Some readers may be inclined to think that our criterion seems 
somewhat artificial. It might, for instance, be-argued that it would 
be more plausible to choose a and 6 in such a way that the integral of 
the absolute value of x B(T) 


S = % Xa(r) | dr 


becomes a minimum. The main objection to this is, however, that 
this integral is very unsuitable for mathematical treatmént. More- 
over, the results would in most cases not differ very ‘much from our, 
own. 

The same argument is, at least in part,.at the bottom of the method 
of least squares, where the sum of the squares of the deviations is 
In fact our 
method also makes a quantity with the nature of a squared error a 
minimum. 


4 
|| 
for t < T. 
| | 
. 
\ 
| 
a 7 This function is obta ion from 0 to 
| 


all 


increase linearly for large t, the foregoing argument is again valid 
with some slight’ modifications. The proof may be left to the 
reader. 

Thus the principle of making the integrals, Equations [8] and 
[8a], respectively, as small as possible for standard disturbances 
is justified also on the assumption of nonstandard disturbances. 

The parameters a and 6b sometimes must be subjected to cer- 
tain restrictions, e.g., that the regulated flow should never exceed 
a prescribed value. In this paper, however, no such restrictions 
are imposed, and we shall only be concerned with the integral S. 


QUALITY OF REGULATION 


Let S,, be the minimum of S, corresponding to the best choice of 
a and 6. We introduce an index for the quality of regulation. 
The quality number N is defined as the quotient 


The maximum value .V = 1 corresponds to the best regulation 
but regulation with quality number 0.9 is nearly as good. 


“CALCULATION OF Brenavion OF REGULATED VARIABLE AND 


REGULATING FLow 


In order to find S and N, it is-necessary to calculate the be- 
havior X,(¢) of the variable x. 


If at time ¢ = 0 a standard disturbance 1 is given to x, the 
response of q is given by Q(t), and the response of x to this regu- 
lating flow is given, according to Equation [1], by . 

= —Qglt) o Xg(t) = o Xx) 


Hence the regulated variable z does not remain 1, but becomes 
1 — F,(¢) 


But this modified disturbance gives rise to a modified response 
of the regulating flow 


(1 F,) Qe 
and this in turn causes a modified response of the variable 


Fi)r Or Xp = (1 Fi) oF, 
= —F, + (Fi oF:) 


[lence the regulated variable becomes 
F, + F:; (F. = F,o F,)° 


By continuation of this process we finally find the behavior of x 


10} 


where 


i 
= = Quit — 2) (11) 


F; = F, 0 F, 


In simple cases, for instance, in the case of a step function Xz 
(Type C), the Equations [10], [11], [12] can be used directly to 
calculate the, behavior X,. In more complicated cases, other 
mathematical devices to be discussed later save a considerable 
amount of labor. 


or A Deap Time 


If one of the response functions Qp or Xz has a dead time 7, 
i.e., remains zero as long as ¢t.S 7'4, the same dead time will appear 
in F,, double this time in F:, treble in F;, ete. Hence for any 
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finite value of ¢ only a finite number of functions F,, will be differ- 
ent from zero, and the series, Equation {10], has for every finite 
value of ¢ only a finite number of terms, each of which can be 
found by direct integration if the functions Xz and Qp are not too 
complicated. For large values of ¢ the number of terms may be 
large, but in that case the whole sum Xg is negligibly small if 
regulation is at all stable and efficient. 

If both functions Qg and Xz have dead times t; and &, the sum 
of these t, + t: will be the dead time of F; according to Equation 
{11]. It is quite irrelevant which part of this sum is due to Qe 
and which to Xp; only the sum ¢; + ¢: matters. A dead time in 
Qp has exactly the same effect as one in Xp; hence we can always 
assume that Qp has no dead time. For any satisfactory regu- 
lator the dead time has to be very small anyway. 

The simplest case for an Xp with dead time is as follows: 

Response Process Type C. We can take T, as unit of time, 


- hence Equation [5] becomes 


and 
Qe bt for t>0 
Mquation [11] gives 
0 fort SL 
F, = Q,0 Xz = la + bet 1) for t > 


By means of Equation [12], we get 


F.() = fo fort Sn 
the polynomials f,, fz, . . . being defined by the recursion formulas 


fi =a +t bt 
‘ 


ga afn—-1 +b 1 (r)dr = one (n t* 


Finally, Equation [10] gives 


X,(() = 1 Silt 1) + felt 2)+... 


-The result of the calculation is shown in Fig. 2, fora = 0.5, and 


b= 0.8. 
Xa(t) 


4. 


Fic..2 Benavior or REGULATED VARIABLE FoR Type C Process 


APPLICATION OF OPERATIONAL CALCULUS 


In more complicated cases, when direct calculation of the 
series, Equation [10], is impracticable, the operational calculus 
is useful. The functions Xz and Qp give rise to Laplace trans- 
forms 


S(p) = pe p(t)dt 
4 


= So” Qa(t)dt 
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The Laplace transform of the function Fi(() = Qpz 0 Xz is the 
product f(p)g(p) and hence the transform of the series, Equa- 
tion [10], is 


Fo) 
1+ f(p)g(p)  G(p) 


In order to find the behavior function Xg,, of which Equation 
13] is the Laplace transform, use may be made of Heaviside’s 
“expansion theorem,” which is stated as follows: 

If pi, po, ..., p, are the roots of the equation G(p) = 0, each 
assumed to be different and none of them equal to zero, then 
Equation [13] is the Laplace transform of Oe 


F(0) F(p,) 


X,(t) = 
= GO) p,G'(p,) 


¢(p) = 


The expansion theorem can be applied when F(p) and G(p) are 
polynomials, and also in the ¢ase of transcendental functions, 
where it becomes impracticable, however, for small values of t.° 

In the applications here considered, the Laplace transform of 
Qr = a+ btis 

b 
=a+ {14} 
p 

As to Xp(t), we will first consider the cases in which its Laplace 
transform f(p) is a rational function (Types A and D). Next 
we shall deal with the cases in which f(p) is a transcendental func- 
tion (Types B, C, and E). . ; 

Formulas for S. When f(p) is a rational function, the 
Laplace transform of X,(¢) is a rational function 

P(dop"~' + dip" ~* +... + 


p> +cp"-'+... + 


It is possible to find a general expression for the integral 
X,%(t)dt 


for any function X(t) whose Laplace transform is a rational frac- 
tion 


= 


provided all the roots a; of the denominator have negative real 
parts. The degree of E(p) must not be higher than n 1. The 
factor p in the numerator is necessary in order that X,(t) tends 
to zero fort—> ~, 
According to the expansion theorem, we have 
E(a;) exp (a;t) 
-a)...{a; 41). +» 


and the value of the integral S is expressed by 


Ex(a,) 


2a; I (a; — a,)? 


S = 


)E(a,) 


(i) (a; + a@;) (ay a,) Il (a, ay) 


It may be proved that S is a symmetrical function of the roots 
a;, and thus can be expressed as a rational function of the coeffi- 
cients c,. Actually, S may be found more easily by means of a 
theorem to be stated later (Equation [15]). The general ex- 
pression for S, which is rather long and complicated, is not given 
here but is only written down for those values of n which are of 


Ay 


TRANSACTIONS OF 


n=2 


(ds? 


ASME 


practical,interest. Also we have given the conditions ef stabil- 
ity, according to the Hurwitz criterion 
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2eice 


+ — 2dodz)cs + Cody? 
¢3) 

Condition of stability , 
— Cg > 0 

— 

(d2? — 2d,ds3) + ¢3(d,? 2ded2) + dy? Ci¢4) 


- Condition of stability 


— 2dids + + (dy? 2dodz) ws dy 
2G; 


= Ce 
Cile Ce 

2 

15 = — we 


Condition of stability 


6 . 
2dody + 


d;*wo 


~ + (d3? 
206 
(da? — 2did; + + (di? — + dotws 
16 


= (cacy —- + Cite) — (ere 


+ eres ¥ 


| 


= — - 


= C3€5 


= CiC3Ce — 


= — — C25? + 


= — + (Cats — — Cees)? 


= — + C1 Cew2 


Conditions of stability 
> 0 
Ge > 0 
For higher values of n the expressions become too cumbersome 


for practical use. In some of these cases S may be found from 
the integral 


— 
| 

h 

fe 
n 
| 
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i= “a 
1 1 n=5 
| 
TT ) w? S = 


which follows from Parseval’s theorem in the theory of the Fourier —(1556 + 1)z? ‘ (2302 + 260b — 70)x —b3 — gp? + 63b + 55 
integral. — 70x? + (146 + 55) — — 225] 


APPLICATION OF FoRMULAS FOR S TO Types Or PRocess A AND D- 

In the last case (n = 5), we have put k = 5z. 

The values of a or k and 6 for which S becomes a minimum may 
be found by solving the equations 


Type A. The response of the process is given by Equation [3]. 
The Laplace transform is 


1 


f(p) = 
(p + 1)” 


hence by Equations [13] and [14] 
It appears that there is only one set of roots of these equations 
+ 1)" {16} Which satisfies the conditions of stability. 
p(p + 1)" + ap + b For a table of values of a and b, we refer to the companion 
Applying the formulas for S to the present ease, Equation paper? (Table 1). 
\16], we find, putting a + 1 = k For larger values of n, the minimum of S can be found approxi- 
forn = 1 . mately by means of the integral, Equation [15]. 


¥(p) 


b+1 For the case n = 4 (third-order contact), the lines of constant 

N in the a, b-plane are shown in Fig. 3. It is seen that devia- 

tions of 40 per cent in a and 6 do not bring the quality number 

below 0.9. Thus a very rigorous adjustment of a and b is not 

: bk + 2b +2 necessary. 

S= 2b(2k — b) Type D (Without Self-Regulation). The method is exactly the 
° : same as in the preceding case. The Laplace transforms of the 

functions Xp and X *, are 


2bk 


9 k + 9b + 6bk — 3b? 


2b(9k — k? — 9b) 
(p) + 1)" 


_ 80 — 16k + 84b + 64bk — 66b* — 4bk* + p(p + 1)" 
2b (80k — (4k — b)?] pp + 1)" + ap + b 


Fic. 3. Lines or Equat Qua ity or Recut 
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_ 2—a+ 4b + ab 


~ 2b(2a — a? — 4b) 


9a + 27b + 10ab - 6b? 


2h(S8a 24b — 9a? + 6ab — 


64 — 112a + 3366 — a* + 156ab — 176b? — 10a? b + 4ab? 
26{64a — 256b — 112a? + 144ab — 64b? — a’): 


The values of a and b for which these expressions assume a 
minimum are given in Table 3 of the companion paper.2 | 


ProcessEs or Types B, C, ano E 
In these cases the operational expression ¢(p) for X,(t) is trans- 
cendental and the determination of the most favorable values of 
a and b is far more troublesome, as the minimum value of S can 


only be found approximately by trial and error. For this pur- 
pose we have made use of the integral, Equation [15]. 


Type B. The response of the process is given by Equation 


. [4]. Assuming 7’, = 1, the Laplace transform of Xx is 


e) 
fp) = xp (—pT'4) 


hence 
¢(p) = 


In this case the integral, Equation [15], becomes 


a 

(1 + w*)dw 

+ cos — w sin + —w sin ‘aT, - we cos 


In order to determine the minimum value of S, a a b have 
been systematically varied, and the integral has been evaluated 
numerically. It is only necessary to consider a finite interval 
from 0 to wo where wo must be assigned a suitable value depend- 
ing upon the value of 7. The contribution to S by the interval 
from wo to © remains nearly constant when a and 6 are varied, 
and thus does not materially affect the optimum values for a and 
6. It is again found that the quality of regulation-remains good 
for a considerable latitude of variation of a and b. 

The results of the calculation are recorded in Table 2 of the 
companion paper.? 

After this somewhat more detailed exposition, we may be short 
about the remaining Types C and E. The best values of a and 


are given in the companion paper.? 


We conclude with a few remarks on stability of processes with 


dead time d a 
e. 


STABILITY 


p(p + 1) + (ap + b) exp (— pT.) 
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When the process response has a dead time 7', the Laplace 
transform may be written 


f(p) = 


and the Laplace transform of the behavior function X(t) is 


l 


1 + F(p) (« +2) 


Pp 
G(p)° 


The denominator of this function has an infinite number of 
roots, all of which should have negative real parts in order that 
regulation may be stable. Regulation becomes unstable for 
values of a and b for which a root crosses the imaginary axis. 
Moreover, 6 should be positive, as for negative values of b there 
would be a positive root. 

In order to find the condition that G(p) has purely imaginary 
roots, we substitute p = iw and put G(iw) = Gi(w) + iG2(w) = 0. 
Thus, a and b are expressed as functions of the parameter w. 
These equations determine a spiral-shaped curve ¥(a, b) = 0 in 
the (a, b)-plane. The area enclosed by the smallest loop of this 
curve and the axis b = 0 is the region of stability. 

As an example we consider a process of Type E with-7, = 1. 
The Laplace transform of X *,(t) is in this case 


p? + e-?(ap'+ b) 


and the limifs of stability are given by the line b = 0, and the 
smallest loop of the curve 


¢(p) = 


@=wsinw 
{ 


b = w* cos w 
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Discussion 


M. D. Creecu.* There are two requirements to be met in 
obtaining satisfactory control: One is that the amplitude of the 
controlled variable remain small; the other is that the amplitude 
approach zero at an early time. The integral of the absolute 
value of the amplitude gives about equal weight to the amplitude 
‘and the rapidity with which the amplitude approaches zero. As 
was pointed out by the authors, the integral of the square of the 
amplitude is more suitable to mathematical treatment. How- 
ever, the integral of the square of the amplitude gives more weight 
_ to the magnitude of the amplitude and less weight to the time it 
takes for oscillations to die out. It now occurs to the writer that 
perhaps it might be better to use the integral of the fourth power 
_or sixth power of the amplitude in certain cases. 

An answer is requested to the following question: How can one 
tell when optimum control is obtained? 
in one case where the amplitude is large but quickly approaches 


Is it not possible that, 


zero and in another where the amplitude is small but takes a long 
time to become small, the minimum integral could be the same in 
both cases? 


Avutuors’ Closure 


It may theoretically be admitted there might be some reason 
for the use of other than: second powers in our minimum integral 
criterion, depending upon the relative weight of duration and am- 
plitude of the regulated disturbance. 
called that: first, owing to several circumstances, our theory is 


It should however be re- 


only an approximation to any actual regulation: second, the op- 
timum values of regulator parameters are not very critical, ap- 
proximately forty per cent deviation from these values scarcely 


reducing the quality of regulation. For these reasons, .apart 


‘ Professor, Mechanics and Metallurgy, The University of Okla- 
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homa, Norman, Okla. 


from mathematical difficulties, it seems an unnecessary refine- 
ment to consider other than second powers of amplitude, the more 
so as it would be difficult to decide which power should be chosen 
in any particular case. 

The question whether our integral might have two approxi- 
mately equal minimum values may be answered by the fact that 
in the cases we investigated, the function represented by our in- 
tegral had only one single minimum, to which corresponds a defi- 
nite set of values of regulation parameters. Hence in all these 
cases the behavior of the regulation circuit is uniquely determined. 
As our theory is only to be applied to regulation of processes whose 
response curves are sufficiently closely approximated by our hy- 
pothetical response curves, it may be expected also for these proc- 
esses that optimum regulation according to our criterion is ob- 
tained for a unique set of values of regulation parameters. It may 
be granted that the case of two or even more minima of our in- 
tegral is not a priori impossible, for example when there is more 
than one region of stability; it is, however, doubtful if such a case 
would ever be met with in practice. Anyway such a process would 
be beyond the scope of our theory. 

At this place, reference may be made to “The Theory of 
Servo-Mechanisms,” by James, Nichols, Phillips, 1947, 
(McGraw-Hill Book Co., 1947), which came to the authors’ 
attention after their papers had been submitted for publi- 


and 


cation. In a section of this book an approach to the control 
problems in many ways similar to that of the authors has been 
followed. The authors would like to avail themselves of this op- 
portunity to express their thanks to Mr. N. B. Nichols of Taylor 
Instrument Co., firstly, for the stimulating influence of his repeat- 
edly cited paper on “Optimum Settings for Automatic Controll- 
ers’; secondly, for discussions with members of our staff, which 
have resulted in considerable changes in our original design, 
especially of the companion paper; 
in presenting these papers. ; 


and thirdly, for his kindness 
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In this paper a practical method is proposed for the ad- 
justment of regulators in order to obtain the most satis- 
factory regulation of a process variable which should be 
kept at a constant value. The regulator is assumed to per- 
form proportional and integral action, derivative action 
not being taken into consideration for the present. 


INTRODUCTION 


NO far, little attention has been paid to the problem of assign- 
S ing definite values to the parameters characterizing the 
action of a regulator in order to obtain optimum results. 
However, an important paper by J. H. Ziegler and N. B. Nichols,? 
has been published, which gives,some simple rules and which later 
on will be considered more closely. j 
The present authors, starting from other fundamentals, have 
developed: new conditions for the adjustment of parameters 
The novel feature of their theory is the proposal of a “general 
criterion for best regulation.” This paper, which is intended 
to bring their theory within the seope of practical application, 
can be understood independently of the underlying theoretical 
foundation, which will be given in a separate paper.* 


FUNDAMENTAL NOTIONS 


Before considering the subject proper the authors will recall * 


some well-known fundamental notions to be used later. 

Let x be a “regulated variable,” e.g., a temperature, pressure, 
ete., which should be kept as constant as possible. The value of 
The deviation from 
the regulation point, i.e., from the normal value, may be identified 
with the displacement of the recording pen from this point, meas- 
The regulation point will be taken as 
zero point and thus x is the deviation from zero. 

lat q be the “regulating flow.’ It can be measured by the 
position of the final regulating element, e.g., a regulating valve, 
or by the air pressure regulating it, assuming a linear relationship 
between them. 


this variable is obtained by measurement. 


ured in arbitrary units. 


Again, the normal value assumed by q in the 
absence of any disturbance is taken to be g = 0. The sign of q is 
- made such that positive deviations of g cause positive deviations 
of x. 

Process and regulator constitute a closed system which will be 
called a “regulation circuit”, Fig. J. 

The “response of the process” is defined as follows: Let the 
valve be given at time ¢ = 0 a sudden displacement g and let it 
be kept in this position, the valve being disconnected from the 
regulator. The valve movement go will cause in course of time a 
change in the regulated variable 2, which is assumed to be pro- 
portional to the valve movement qo. The ratio 2/qo as a function 
of time is ealled the “process response function” and is denoted 


oN. V. de Bataafsche Petroleum 
Holland. 

2? “Optimum Settings for Automatic Controllers,”’ by J. H. Ziegler 
and N. B. Nichols, Trans. ASME, vol. 64, 1942, p. 759. 

‘Theoretical Considerations on the Optimum Adjustment of 
Regulators,”” by P. Hazebroek and B. L. van der Waerden, com- 
panion paper being presented at the present ITRD-ISA Meeting. 

Presented at the ASME Industrial Instrument and Regulators 
Division-Instrument Society of America Conference, St. Louis, Mo., 
September 12-16, 1949. : 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—IIRD-2. 
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by Xg(t). Thus, in other words, we may say that Xp(t) is the 
deviation of x due to a sudden disturbance qo = 1. This latter 
disturbance will be called “unit’’ or “standard disturbance.” 

It follows from this definition that the process-response curve 
results from the properties both of the process and of the measur- 
ing part of the regulator. 


x(t) 


| 
= 
DisaGram or Recunation Crrevir 


The “response of the regulator’ is defined as follows: Let the 
0 a sudden displacement 2x) from its 


normal! position and let the pen be kept in this position, the proe- 


pen be given at time ¢ = 
ess being put out of circuit. The regulator will interpret the 
movement of the pen into a need for corrective action that is, the 
regulating flow q(t) will become negative in order to compensate 
a positive zo. This change is assumed to be proportional to 
to; its opposite —gq(¢) divided by 2» is called the ‘response fune- 
tion of the regulator” 

The response of a regulator with proportional plus integral ac- 


Qr(t) =a ht 


From the response functions of process and regulator we may 
derive two functions describing the effect of regulation in the 
“closed” circuit. A sudden displacement zo of the recording pen 
will result in a response x(t) of the regulated variable, and a re- 


sponse q(t) of the regulating flow. The quotient x(d)/ro = 


X,(t) will be called the ‘‘behavior of the regulated variable,” 


the quotient 
flow.” 


q(t)/to = Qg(t), the “behavior of the regulating 


It may happen that the theoretically best values of the regula- 
tion parameters would give rise to too violent fluctuations of the 
regulating flow. In this case Qg must satisfy certain restricting 
conditions in consequence of which the said parameters are not 
allowed to exceed certain limiting values. These conditions 
depend upon the nature of the particular plant under considera- 
tion. As it is difficult to give satisfactory general rules, this 
point is merely mentioned here but henceforth will be left out of 
account. 


CLASSIFICATION OF PROCESSES 


By considering the ‘process-response functions we can distin- 
guish two classes of processes: 


l 


Those processes in which the regulated variable tends to a 
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new fixed value, when a standard disturbance is applied to the 
regulating flow (processes ‘‘with’’ self-regulation). 

2 Those processes in which the regulated variable increases 
or decreases indefinitely with time under the influence of a stand- 
ard disturbance in the regulating flow (processes “‘without”’ self- 
regulation). We will consider especially the important case in 
which the increase is linear after a certain lapse of time. 


Types or DIsTURBANCES 


When defining the behavior functions as mentioned, a standard 
disturbance zo is assumed to be given to the regulated variable. 
In practice, however, the disturbances occurring in a process 
usually do not originate in the measuring part of the circuit, but 
may be introduced at any point in the process part. Hence the 
disturbance in the regulated variable in most cases is not a stand- 
ard disturbance,.but responds to some transformation of the ini- 
tial disturbance somewhere else in the process. 


We will distinguish the disturbances occurring in the regulated . 


variable according to their asymptotic behavior for large values 
of t: . 


1 The disturbance tends to zero after a certain lapse of time. 
2 The disturbance tends asymptotically to a fixed value. 
The simplest disturbance of this kind is the standard disturbance, 
introduced previously. 


3 The disturbance increases indefinitely with time. 


PosstBLE COMBINATION OF PROCESSES AND DISTURBANCES 


Each of the disturbances just classified may occur in each of the 
two classes of processes previously mentioned. 

As the type of regulator to be chosen and its adjustment for op- 
timum regulation depend on which of these cases we are consider- 
ing, all these cases should be discussed from a theoretical point of 
view. In practice, however, two of the theoretically possible 
combinations are especially important: We will confine our- 
selves in this paper to these cases; which are as follows: 


1 Processes with self-regulation, when a disturbance of the 
second kind is applied to the regulated variable. As will be 
shown later, it is sufficie nt for our purpose to consider the stand- 

ard disturbance. 


2 Processes without self-regulation whose response functions 


increase linearly with time, when a disturbance z = ¢ is applied © 


to the regulated variable (special case of third kind of disturb- 
ance). An example is the regulation of a liquid level. The dis- 
turbance then usually results from a sudden change of the regu- 
lating flow, which is transformed into a linensly increasing dis- 
turbance of the regulated-variable. 


In this second case the behavior function X,(t), corresponding 
to a standard disturbance, in the regulated variable, has mainly a 
theoretical significance. The response to a disturbance 


(time integral of a standard disturbance) is far more important 
for judgment of the behavior of the regulated variable. This 
response function, which we shall call the “second behavior func- 
tion” X,*(t), is the time integral of X,(t) 


fort 


fort > 0 


t 
v 


CONSTANTS OF REGULATOR 


Two constants characterize the response function of the type 
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of regulator we are discussing: 
response and the ‘reset rate’”’ b/a. 


Sensitivity is concerned only with the first (vertical) part of 
the response curve; it is valve movement per pen movement. 


the sensitivity’ of proportional 


_In practice it is customary to use in place of sensitivity the pro- 


portional band, defined as 


PB = —- dm 100 
a 


Im 
where 
dm maximum interval of the regulating flow 
I, = scale interval of the regalated variable 


The reset rate is concerned with the second part of the curve; 
it is the number. of times per unit of time that automatic reset 
repeats the proportional response a. Hence the reset rate b/a 
has the dimension of an inverse time; in fact, the reciprocal 
a/b, the reset time 7’, is the time in 1 whic h proportional response 


is repeated, see Fig. 2. 
ow 


a/b t 


Qplt) 


Response Curve or REGULATOR OF PROPORTIONAL-PLUS- 
INTEGRATING TYPE 


Fig. 2 


CRITERION FOR BEst REGULATION 


Regulators with proportional plus integral action allow an ad- 
justment of the parameters a and b/a witliin relatively wide 
limits. Hence the question arises: Which values of a and b/a 
will give the best regulation, reducing any disturbance of x to zero 
within a short time, without giving rise -to violent fluctuations? 

Before it is possible to answer this question, it should first be 
decided what we are to consider as the best possible regulation. 
The authors have adopted the following criterion, the justifica- 
tion of which they have given in their theoretical paper:* 


1 For processes with self-regulation, optimum regulation will 
be obtained for those values of the parameters a and 6 for which 
the time integral of the square of the behavior of the regulated 


= S X dt 
0 


attains its minimum value. 
2 For processes without self-regulation, the time integral of 
the square of the second behavior function 


S= Sf NXg" 


should be minimized. 

We have applied this criterion to a number of hypothetical 
process-response curves representing mathematical functions 
with particularly simple properties. For the details of the cal- 
culations we refer to our theoretical paper. These curves, to- 


4 Sometimes sensitivity is identified with proportional band, which 
seems to us a confusing practice. 
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gether with the values of a and b, corresponding to optimum 
regulation, are given in Table 1 . 


TABLE 1 


Fic. Response Curve or Tyee C Process 
With Self-Regulation: 


Type A This is a limiting case of Type A when n becomes infinite and 
= the time scale is transformed into t’ = 7, t/n. It is also a limit- 


Xx) = ing case of Type B when 7', becomes infinite. The most favora- 


+ 
(n—~ 1)! ble values of a and b are 
(Fig. 3 for n = 4) 
Processes Without Self-Regulation: 
Type D 


—2 
Xai) = t—n + + It + + 
n 


1 


oO 2 4 6 6 R 1! 
t (Fig. 6forn = 5) 
Response Curve or Tyre A 
B Xp(t) 
fort < T, 


Fig. 4) 
‘fore > 1, (Fig. 4) 


> 
Fic. 6 Response Curve or Tyre D Process 


Best values of a and 6 are given in Table 3. 


TABLE 3 


Td t 


Response Curve or Type B Process 


For time lag 77 = 1, we find approximately for different values 
of the time constant, data in Table 2. 


Type 


- 0 for t < T 4 
TABLE 2 { t—T, fort >T, 
- Best values of a and 6 


0.24 


‘Type E may be obtaingd as a limiting case of Type D for 
n— © after having reduced both the time scale and the scale of 


the regulated variable by a factor 7',/n. 
‘time CHARACTERISTIC PARAMETERS OF Process RESPONSE CURVES 
Type.C. Abrupt response with dead time 7, INTRODUCED BY ZIEGLER AND NICHOLS 


fo fort < T, Fig. 5) In order to apply these theoretical results to the response 
Xa) = _lfort > T, (Pig. 5 curves produced by actual processes, it is necessary to define 


Xp(t) 
n 1 woe 
| 
Xp(t) 
= 
LES 
0 
4: 0.375 0.0174 
ig. 7) s+ 
Te 
iit 
0.3 2.77 0.54 
0.7 1.37 056 
¢ fa 
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Fic. 7 Response Curve or Type E Process 

certain quantities which determine to,a more or less close ap- - 

proximation the shape of the response curve. In this we follow 

the same lines as Ziegler and Nichols. ; 
Ziegler and Nichols introduce two parameters occurring in a 

process-response curve (see Fiz. 8) 


R, maximum slope of curve = time derivative in point of 


— 


. 
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Taking 7, as time unit, the values to be substituted in thie 
formulas of Ziegler and Nichols are 


L=T, =f 
LR, = T. = 
R= Te = 
Hence the optimum sensitivity and reset rate would be, ac- 
cording to those authors 
LR, 
b 0.3 
L 


For comparison, the authors’ results and those of Ziegler and 
Nichols are recorded side by side in Table 4. . 


TABLE 4 COMPARISON: OF AUTHORS’ RESULTS AND THOSE 
inflection® OF ZIEGLER AND NICHOLS 
= time lag: distance along the axis from origin to point of 
intersection with inflection tangent. ‘ 
Te a a 
0.2 0.13 4.5 0.3 Reset rate high 
0.3 277 0,195 3.00 038 
0.5 1.79 1.80 0.3 agreement 
X p(t) 0.7 1.37 O41 0.3 4 
1.0 1.07 *0.53 0.90 0.3 
15 9.84 0.7 0.60 0.3 
2.0 0.73 0.85 0.45 0.3 
3.0 0.63 1.05 0.30 0.3 Reset rate and 
5.0 0.55 .24 0.3 sensitivity low 
xo 0.50 1.38 0 0.3 } 
We have found that in all the cases we have computed, the 
: { R,L minimum for S ts very flat, so that for considerable deviations of 
} a and 6 from their optimum values regulation still remains satis- 
7 4 - factory. In our theoretical paper,’ we have given an instance ; 
where, even with deviations of 40 per cent, regulation remains : 
Fic. 8 CHARACTERISTIC PARAMETERS OF PrRocEssS-ResPpoNsE good and, in other cases we have investigated, the conditions 
Curve AccorDING TO ZIEGLER AND NICHOLS were found to be quite similar. ° Taking this into-aecount, it - 
may be stated that for-7, < 7, (except when 7',/T, is very small) 
The parameters a and b/a of the regulator are now to be ex- — the values of a and 6 found by both methods agree very well. 
pressed in the introduced process parameters, in order to adapt — For larger 7',/7',, however, the reset rate given by Ziegler and : 
the response curve of the regulator to the process-response curve. — Nichols’ rule is far too low, and so is the sensitivity a for still 1 
Whereas L has the dimension of a time, the dimension of R\L- larger T,/T,. . 
is “pen movement per valve movement: The inverse values’ This conclusion is in accordance with a statement of Ziegler 
1/L and,1/(R)L) have just the dimensions required for the reset and Nichols in a later paper:* “These settings appear to be very 
rate and the sensitivity of a regulator. Hence Ziegler and nearly correct on the processes tested for wide variations of R and 
Nichols define the optimum values of a and b/a by the formulas L. On those infrequent processes in which L becomes greater 
than Z, Fig. 2,’ the settings given are too conservative.”’ 
Sensitivity @ Now L is our and Z is our henec the’ “infre quent proc 
: RL esses” to which Ziegler and Nichols’ rules are admittedly not if 
: 03 applicable are just the cases with T,/7, > 1. The cases with | 
Reset rate (2) small lags (7, < 7.) are-those in which regulation is easy, whereas 
. L great lags make it difficult. As we shall see, it’is poasible to 
. ; modify the rules of Ziegler and Nichols in such a way that they 
The factors 0.9 and 0.3 are based on data obtained from pracr 5 
: . become generally applicable also in cases where the time lag is 
tical experience. 
large. = 
CoMPARISON OF ZIEGLER AND NICHOLS’ Resuyrs Wirth PRESENT Moviricstion AND EXTENSION or ConcerTs INTRODUCED BY - | 
AvutHors’ Resuits ZIEGLER AND NICHOLS 
We have applied Ziegler and Nichols’ rules to a set of our re+ Ziew\ 1 Nichols’ f : be j ‘ 
sponse curves Type Sach of the by its Aegier and Nichols’ formulas cannot improved as long as 
“time constant” 7. only the constants Land Rj, lag and slope of the process-response 
PTS curve, are taken into account. Hence in order to give rules with 
§ Ziegler and Nichols first introduce a quantity R = max rl 


for arbi- 
t 


d 
trary qo, but afterward they divide it by go, and thus obtain the 
reaction rate” R;. 


‘unit 


TRANSACTIONS OF THE ASME 


**Process Lags in Automatic-Control Circuits,” by J. G. Ziegler 
and N. P. Nichols, Trans. ASME, vol. 65, 1943, p. 435. 


- 7 Compare Fig. 9 of this paper where lL». Z. 
ve 
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a wider range of application, a third constant must be intro- 
duced. We can choose for this constant, in the case of processes 
with self-regulation in’ which z tends to a finite ultimate value, 
either the “height” H, of the horizontal asymptote or the “second 
lag” Lo, deseribed by Ziegler and Nichols as the time difference 
between the points of intersection of the inflection tangent with 
the f-axis and the asymptote (Fig. 9). 
by the relation 


H and Ls are connected 


H = RL, 


For processes without self-regulation, H and L, are both &, 


Xp(t) 


Fic. 9 Extenpep Derinition oF CHARACTERISTIC PARAMETERS 


or Process-ResponsE CurRVE 


Owing to the difference in definition of the criterion for best 
regulation, processes with and without self-regulation must be 
treated separately: 


Processes Sevr-REGULATION 


The second lag 1, has, like L, the dimension of a time. Hence 


the lag quotient 9 
RL K 
Le H H 
is a dimensionless quantity. The product ,L has a simple geo- 
metrical meaning; it is the ‘distance’ AK, measured from the 


origin down to the inflection tangent. 
We now replace Equations [1] and [2] by the more general ones 


Sensitivity a 


rate 

a 

where the dimensionless quantities @ and 8 are functions of A, and 
are assigned such values that for curves Type B the Equations 
[7], [8] vield the exact optimum values of Table 2. 
curves the lag quotient is 


and since a, 6, R;, and L are known in each of the ten cases, the 
cegefficients a and 8 can be calculated from Equations {7} and 
[8], with the results given in Table 5. 
9 
ForA < 0.2 = 


: a = 0.74+03A, 6 = 0.7 


It will be seen from 
Equation [6] that \ may become zero in different ways, as fol- 
lows: 


“The case \ = 0 requires some comments. 


For these, 


TABLES OPTIMUM VALUES OF a AND 6 FOR TYPE B RESPONSE 


1 When L becomes zero, which corresponds to a process with 
self-regulation and with dead time = 0. 
2 When H becomes infinite, corresponding to a process with- 
out sel'-regulation and having a dead time different from zero 


Only the first possibility is of interest. We have seen that 
for processes without self-regulation our criterion for best regula- 
tion should be modified, so that the values for \ = 0, a = 0.74, 
68 = Oare of no use for this second case. 


Test or IMprovep FormMuULAS 


In order to test whether Equations [7], [8] are also applicable 
to other process-response curves than those of Type B, for which 
they have been derived, we have applied them to Type A curves 
without dead time. 

The optimum values of a and b have been given in Table 1 and 
the corresponding values of , a, and 8, which ean be found 
analytically, are recorded in Table 6. 

TABLE 6 OPTIMUM VALUES FOR TYPE A RESPONSE 
n 
.218 
.319 
.773 
326 

For comparison, the values of @ and 8 for both Type A and 
Type B response are represented graphically in Figs. 10 and 11, 
For small values of 4, comparison is impossible, because in the 


ease of the A-curves for n < 3, a and b become infinite. For 


Curves REPRESENTING 8 as A FuNcTION oF A 


“4 
0.5 0.89 0.31 
0.7 0.96 0.41 
1.0 1.07 0.54 
2.0 1.46 0.85 
3.0 1.89 1.05 
. 5.0 2.75 1.23 
x 1 60 
| 
L 
d 
e 
1 
« 
to 
) 
| | p* 
y ° 2 3 5 
Fic. 10 Curves RepresentinG @ as A FuNcCTION oF A sin, 
ow 
° 2 3 4 5 
Fic. 
q 
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small \ the best values of a and 8 depend very much upon the 
shape of the response curve near the origin. 
theory would not be of interest anyway, as the values of our 
parameters become so high that on-and-off regulation would be 
the most favorable type of regulation that could be realized 
practically. 


FinAL Cuoice OF @ AND B 


In view of the fact that a considerable deviation from the best 
values of the regulator parameters does not affect the quality of 
our regulation materially, the agreement of the a and 8 curves of 
both types may be considered fairly satisfactory... The response 
curves encountered in practice will have, roughly, the same shape 
as the curves of Types A and B. For any obseryed curve H, L, 
and lL, or R; can be measured and thus \ is known. The corre- 
sponding optimum values of @ and 8 will be somewhere near the 
values obtained for the and B response curves. Owing 
to the relatively wide latitude of variation allowed for a and 
8 we may assume universal values which we select somewhere 
intermediately between the two sets already found. These 
finally recommended values are recorded in Table 7 (for graphical 
representation see Figs. 10 and 11). * ‘ . 


Type A 


j TABLE7 SELECTED UNIVERSAL VALUES OF \, a, AND 8 


a B a B 8 
1.0 0.87 0.62 2.0 1.20 1.00 
1.1 0.90 0.67 1.2 1.08 
0.2 0.68 0.14 1.2 0.93 0.71 $.4 1.386 1.10 
0.3 0.70 0.21 1.3 0.96 0.76 2.6 1.45 1.14 
0.4 0.72 0.27 1.4 0.99 0.80 2.8 1.53 1.17 
0.5 0.74 0.33 1.5 1.02 0.84 3.0 1.62 1.20 
0.7 0.79 0.46 1.7 1.09 0.91 3:4 2.81 1.35 
0.8 0.81 0.52 1.8 1.13 0.94 3..6 1.90 1.27 
0.9 0.84 0.57 1.9 1.17 0.97 3.8 2.00 1.28 
1.0 0.87 0.62 2.0 1.20 1.00 4.0 2.10 1.30 


For \ > 3.5 the following formulas may, be used 
a = 05+ 0.1) 


‘It should be observed that these values of a and 8 should be 
used only for process-response curves of more or less ‘normal”’ 
shape. In exceptional cases one may meet with process-response 
curves which 
Types A and B. 
parameters should be determined by separate investigation. 


B 


PRACTICAL RULES * 


Summarizing, we have the following practical rule: Find L, 
K, and H as indicated in Fig. 9, from the response curve of the 
process to a sudden increase qo of the regulating flow; calculate 
the lag quotient 


find a and 8 from Table 7, and take 


a 
Sensitivity a = = 


b 
Reset rate = — = B/L 


From the sensitivity, the proportional band (PB) may be 
computed easily. 


For these cases our . 


differ considerably froni the hypothetical curves of: 
For these cases the best values of the regulation 
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PB = — - ™- 100 
where 
dm = Maximum interval of regulating flow . 
r,, = scale interval of regulated variable 


The values of H, K, L, a, and 8 need be known only with an- 
accuracy of, say, 10 per cent, because even a much greater vari- 
ation in the be od value 's of a and b does not make regulation 
materially worse. 

It will be seen that the numerical values of the factors a, K, and 
H depend on the units of the vari: ables q and x, whereas, the b- 


values depend on the unit of time. ~~ 
Processes Wrrnout SeLr-REGULATION 
For processes without self-regul: ition the parame tor d be ‘comes 


zero, and the parameters a and 8 may be defined-in the same 
way as before by Equations [7] and [8]. The values of a and 8 
calculated from the data for Types D (tab le 3) and E are given 


in Table 8. 
TABLE 8 VALUES OF a ane 8 CALCUL ATED FROM DATA FOR 4 
fYPES DANDE 
n a 8B 
z 2.42 0.151 
3 1 71 0.176 
: 
ci 
Table 8 shows that there may be a considerable variation of the ay 
best values of a and b for different response curves possessing the w 
same values of K and L. If we take as a reasonable compromise h 
a = 1.5, 8 = 0.18, we have the following practical rule for proc- in 
esses without self-regulation: 
Find L and K fromthe response curve of the process and take th 
Sensitivity a = K 
Furthermore, the same observations which have been made be 
with respect to processes with self-regulation apply here also. ef 
Finally, we wish to stress the following points: ‘or 
1 Our theory starts from idealized assumptions, viz., the ; 
validity of the superposition principle both for process and regu- os 
lator, and ideal proportional and integral action of the regulator. fu 
. Either of these assumiptions is only realized to a rather rough “a 
approximation. 
2 When testing our theory on actual processes this should be 
done with respect to our criterion of minimizing the integral S. 
It goes without saying that the adoption of any other criterion 
leads to other optimum values of a and b. , 
ic 
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The Exhaust-H 


By D. L. 


The author describes and discusses a gas-turbine cycle 
in which the combustion chamber is placed behind the 
turbine, raising the exhaust temperature to a level at 
which all the heat required for the compressor air can be 
supplied by the heat exchanger. The possibilities of such 
a cycle for the utilization of low-grade solid or liquid fuels 
are explained and attention is drawn to the convenience 
with which steam can be generated from the otherwise 
wasted heat, and the over-all thermal efficiencies which 
may be obtained by a combination of gas and steam tur- 
bines. 


INTRODUCTION 


N the past decade a great deal of experimental work has been 
done on the gas turbine, and much has been published on 
the subject. Surveying the present position, the advantages 

of the gas turbine, for fields other than aircraft propulsion, appear 
With present 
metallurgical and aerodynamic limitations the simple 
* with no allowances for auxiliaries, can achieve thermal effi- 
ciencies of the order 


to be its compactness, low cost, and ease of control. 
“open cy- 
cle,’ 
25 per cent, or, by the use of heat-exchange 
apparatus, 30 per cent. To improve compactness and specific 
weight, and to obtain a flat efficiency-load curve, resort may be 
had to compounding, intercooling, and reheating, which also will 
improve the thermal efficiency. F 

Criticisms which may be leveled at open-cycle gas turbines are 
that compared with a steam plant the efficiency is about ‘the 
same, but the gas demands more expensive fuels, 
as it is difficult to burn and that, compared with the 
Diesel engine, although it can burn cheaper fuel, the g 

cannot yet approach the best efficiency of the Diesel. 

By employing a closed cycle, the gas turbine can be made more 
compact and able to burn a wide range of fuels, including coal, 
but the engine becomes much more complex. There is no marked 
effect on thermal efficiency, which, as in the open cycle, depends 
‘on temperature, component efficiencies, and cycle layout. 

It is the purpose of this paper to discuss a simple cycle in which 
solid and other low-grade fuels can be burned with a thermal 
efficiency of the order 20-25 per cent, excluding auxiliaries, and 
further to show how this may be brought up to nearly 40 per cent 
without departing from solid-fuel combustion, and without in- 
creasing the complexity of the plant unduly. ee 


turbine 
coal; 
ras turbine 
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The objection to burning solid fuels, and also certain low-grade 
liquid fuels, in an open-cycle gas turbine, lies in the difficulty of 
separgting completely the ash from the combustion products. 
Ash passing through the turbine blades has a powerful erosive 
effect, while the accidental passage of any large pieces would be 
catastrophic. Furthermore, the deposition of solid matter on the 
blades has a deleterious aerodynamic effect that will demand fre- 
quent cleaning, necessitating opening the turbine. Residual fuel 


1 Associate Professor of Mechanical Engineering and Director of the 
Gas Dynamics Laboratory, McGill University. Mem. ASME. 

Contributed by the Gas Turbine Power Division and presented 
at the Fall Meeting, Erie, Pa., September 28-30, 1949, of Toe Ameri- 
CAN Sociery OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced im papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—F-6. 
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oils also may contain metallic salts which, after oxidation, may — 
condense en the turbine blades, with serious effects. 

In the closed cycle, the compressed air is heated in a form of 
air heater, so that the working fluid is quite distinct from the 
combustion gases. The fluid passing through the turbine is pure 
air, while any deposition of solid matter from the combustion 
gases is confined to stationary heat-transfer surfaces, from which 
it may be removed easily, even while the plant is 
running. 

In what the author terms the exhaust-heated cycle, the air 
used for combustion is that rejected from the turbine, and heat- 


if necessary, 


ing of the air prior to entering the turbine is accomplished en- 
This is illustrated diagrammatically 
No detailed discussion of this type of cycle has been 


tirely by a heat exchanger. 
in Fig. 


‘TO STACK 


Fic. 1) or THE Exnaust-Heatep Gas-Tursine Cycie 
found by the author in the published literature, although the 
principle is disclosed in patents of Haverstick? and Lysholm. 

It is evident that in such a cycle, compared with a conventional 
open cycle operating at the same compression ratio, turbine tem- 
perature, component efficiencies, and so forth, the transposition 
of the combustion chamber will not affect the specific power 
output (power developed per pound of air circulating per second), 
and, if the exchanger had 100 per cent effectiveness or thermal 
ratio, would not alter the thermal efficiency. For any thermal 
ratio less than 100 per cent, however, the final discharge tempera- 
ture obviously will be higher than in the open cycle, leading to a 
reduction in thermal efficiency. 

CycLe PERFORMANCE 

In calculating cycle performance, the basic assumptions made 
Compressor efficiency, 85 per cent; turbine effi- 
ciency, 87 per cént; system pressure losses, 10 per cent; combus- 
tion efficiency, 100 per cent. 

It is appreciated that these figures may be considered optimistic 
or conservative, depending upon the particular circumstances, 
but it was felt that they represent a reasonable basis for a general 
survey, while any particular value for the combustion efficiency 
si multiplies the thermal efficiency. 


are as follows: 


Fig. 2 shows values of thermal efficiency and specific power for 
various values of the heat-exchanger thermal ratio for an assumed 
turbine-entry temperature of 1300 F. It is at once evident that 
thermal ratios of the order 0.75 are necessary for 
efficiencies, and the accompanying curves are based on this value. 


reasonable 


2 U.S: Patent No. 2,438,635; J. S. Haverstick, March 30, 1948. 

+A Contribution to the Solution of the Gas Turbine Problem,” 
by A. J. R. Lysholm, Proceedings of The Institution of Mechanical 
Engineers, vol. 157, 1947, pp. 498-513. 
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cooler 


at 10 to 1 
2040 F, 
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SPECIFIC POWER BHP/ib/sec. 


THERMAL EFFY.% 


Fic, 2 


SPECIFIC POWER BHP/iw/sec 


THERMAL EFFY % 


Fis. 


3 


performance. 
usually beneficial, ‘and Fig. 4 shows the effect of using an inter- 
One stage of intercooling was 
assumed, placed so as to give equal temperature rises in each stage 
The improvement both in thermal efficiency 


THe 


and a two-stage compressor. 
of the compressor. 


picture Fig. 5 shows the effect of reheating. 


temperature. 
The use of cooled blades in 


mediate future because of the heat-exchanger tubes. 


compression 
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the turbine, 


ratio, and turbine-entry 


8 


10 


COMP EFFY 68% TURB EFFY 87% 1300°F 
PRESS LOSSES 10% NO INTERCOOLING 
HEAT EXCHANGER THERMAL RATIO VARIABLE 


° 


THERMAL 
oe THERMAL Ratio AND COMPRESSION Ratio 


COMPRESSION RATIO. 


Fig. 3 shows the effect of turbine-entry temperature upon the 
W 


using a heat exchanger, intercooling -is 


and in specific power is quite considerable, and to complete the 
This is accomplished 
as the air passes from the compressor turbine to the power turbine. 
Table 1 compares significant results. 
sumed a heat exchanger of 0.75 thermal ratio and 1400 F turbine 


In each case we have as- 


‘higher gas temperatures, has not been presented at this ‘stage. 
The benefits to specific output and efficiency are of course con- 
siderable, but their use is not considered practical in the im- 

For example, 
temperature 

the specific output is 163 bhp per Ib per sec, and the 

thermal efficiency 29.8 per cent, but the combustion temperature 


permitting much 
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TABLE F RESULTS OF 


Simple opep cycle. 

Open cycle with heat exchanger. 

Exhaust-heated cycle.“ 

Exhaust heat + intercooler. . 

Exhaust heat + intercooler + re- 
heat i 


required would be 2500 F, 


PERFORMANCE 


~Compression—-~ 


ANALYSIS 


Compression 


. ratio 5 ratio 8 
Specific Specific 
output Effi. output Effi- 
bhp/- ciercy, »yhp/- ciency, 
Ib /see per cent Ib/see_ per cent 
71.20 19.35 71.5 23.1 
6u 28.5 65 26.6 
69 22 65 ° 19 
s4 24.8 91 24 
108 85 127 30 


with metal temperatures at the hot 


end of the exchanger tubes of 2240 F. 


PERFORMANCE WITH 


The exhaust-heated cycle lenis itself peculiarly well to the 
The fact that exhaust temperatures are 


production of steam. 
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In Fig. 6 are shown the percentage heat transfer possible at 


. Various steam pressures and exhaust-gas temperatures, both for 
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hic. 6 Fractionat Heat Recovery in a W asTe-HEAT BoiLer 
It should be emphasized that 
no account has been taken of dew-point considerations. The 
curves represent the thermodynamic limitations on heat transfer. 


Saturated and superheated steam. 


The efficiency with which the steam is used also must be con- 
sidered, and in Fig. 7 are shown the final results of using the 
steam produced by the waste-heat boiler in a steam turbine of 
85 per cent efficiency and with a condenser pressure of 0.5 psi. 

" If we consider an exhaust-heated engine of compression ratio 
4.5 to 1, with turbine-entry temperature of 1400 F, the thermal 
efficiency is 21.6 per cent. The exhaust temperature is just about 
850 F. 
moisture, we could recover 0.215 X 0.784 of the initial heat 
supply, or 16.8 per cent, giving an over-all efficiency of 38.4 per 
cent. The condenser and feedwater pump power demands proba- 
bly would reduce this to about 36 per cent. 


With this, using superheated steam, to avoid excessive 


Tue Exnaust-Hearep Cye.e in Pracrice 


So far we have considered only the thermodynamic aspects of 
exhaust heating. 
formance identical in specific output, and having about 75 per 


Summing up, exhaust heating gives a per- 


cent of the thermal efficiency of the conventional open cycle with 
heat exchanger. Let us now discuss the more practical aspects. 
Combustion. The essential differences in the combustion cham- 


ber are that combustion is at an elevated temperature, prac- 


*“The Gas Turbine With a Waste-Heat Boiler,” by G. R. Fusner, 
Mechanical Engineering, vol. 70, 1948, pp. 515-518. 
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higher, and that the heat exchanger is at the exhaust end of the 
CONDENSER PRESS. 0-5 psi TURB. EFFY. 65% 
eycle means that it is only necessary to include extra transfer 
surface past which the exhaust will flow after heating the com- sir | | 4 
pressed air. The steam may be used as process steam, for district “le 7 
heating, or in a turbine coupled to the gas-turbine shaft. Aspects s|° 1080°F _ «= 
and estimates of the waste-heat boiler weré recently discussed 
by Fusner.4 The limitation on steam production is twofold. sis om 
First we must not cool the exhaust below its dew point. This, 2M * ste ek Gahin 
however, owing to the large amount of excess air in the com- «|= 
bustion chamber, will be in the region of 250 F, compared with the Z's 
usual safe minimum temperature of 350-400 F used in boiler +t t 1 
practice. The second factor is that in the production of the steam, 
. t fracti s at, ove St 
a large fraction of the he au must be put in at, or above th satura 7 ho | ee ee . 
tion temperature, and this limits the amount of heat which can sup to | 
be extracted from the air by further cooling below the saturation . 
temperature. Fusner based" his estimates on the assumption 6 108 200 300 400 Soo 
that the air is cooled only down to the saturation temperature . STEAM PRESSURE psi. 
of the steam, so that his figures are somewhat conservative. 
Fic. 7 Exsaust-Heat Utinizarion in A STEAM TURBINE 


tically atmospheric pressure, and the combustion products have 
to pass only through the heat exchanger. Thus we may expect 
a larger combustion chamber due to the lower pressure, but at 
the same time it is no longer a pressure vessel, permitting simpli- 
fication in its construction. It is essentially a firebox similar to 
those in boilers, and as such, should be capable of burning any 
fuel that is ordinarily burned as boiler fuel. The elevated air 
temperature will assist materially in handling low-grade and high- 
moisture fuels. Since it is at almost atmospheric pressure, and 
could be at subatmospheric pressure were an induced-draft fan 
used to overcome the pressure loss in the heat exchanger, firing 
arrangements can be simple. One can envisage a hand-fired gas 
turbine without much trouble! 

If a conventional mechanical stoker is used to burn coal, the 
undergrate air could not conveniently be taken from the main air 
stream owing to its high temperature, but it is a simple matter to 
provide a fan, which need be of very small power ('/2 to 1 per 
cent of the net output) to supply cool air under the grates. By 
the use of a suitable stoker and firebox design it would be possible 
to burn coal or oil indiscriminately. 

The Heat Exchanger. The exchanger obviously is going to 
require 3 or 4 times the heating surface of the conventional ex- 
changer, in addition to running at a higher mean temperature. 
A high thermal ratio is essential. There is one factor, however, 
which enables a given thermal ratio to be obtained by less surface 
area relative to its duty than would be required for the exchanger 
of a conventional cycle. Since we are heating the air immediately 
prior to its entry to the heat exchanger by an amount which 
will necessitate air-fuel ratios considerably greater than stoi- 
chiometric, we would normally separate the air for combustion 
and subsequent dilution. However, in the exhaust-heated evele 
there is no need to obtain a uniform stream of gas for a turbine, 
and we conveniently may retain the separation, using the hot 
gases resulting from nearly stoichiometric combustion, for a second 
pass of the heat exchanger, the first pass being heated by the “di- 
lution” air, which of course is already at a fairly high temperature. 

The optimum choice of design here to obtain the smallest heat 
exchanger is complex and requires further analysis, but offers a 
prospect of a small saving in weight and bulk. 

Cleaning of the heat-exchanger surfaces can be accomplished 
by soot blowers, while the engine is running, while ash or slag 
removal can follow normal practice. . 

Control. If a liquid or pulverized solid fuel is being burned, 
the power output of the engine may be controlled easily by alter- 
ing the fuel-supply rate. If solid fuel is being burned on a grate, 
the simplest control would be, in effect, to by-pass the air from 
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the firebox. This would lower the turbine-inlet temperature quite 
rapidly, depending upon the thermal capacity ofthe exchanger, 
while the hot fuel bed on the grate would remain, for quite a 
long time, at a temperature high enough to respond immediately 
as soon as air was readmitted under the grntes. 

For starting up, on solid fuel, a supply of air under the grates 
would be required to light the fire and, when this was going well, 
the main compressor could be rotated by a suitable.starting motor 
in the usual fashion. Due to the heat capacity of the exchanger, 
the motor would be required for a longer period than with the 
conventional engine, but need not be any greater in capacity. 

APPLICATIONS 

The exhaust-heated engine can find application in any ‘case 
where wide fuel utilization is important, and bulk and thermal 
efficiency are not prime considerations: It must be remembered 
that although the exchanger and combustion chamber are bulky, 
they must be compared with the equipment, such as gasifiers, 
or ash separators, or pulverizing systems that would be needed to 


burn solid fuel in the usual open-cycle unit. The thermal effi- * 


ciency is only about 75 per cent of that of the conventional en- 
gines, but the price differential on the fuel consumable will be 
very much more than this, so that fuel costs will be considerably 
reduced. The first cost of the unit will be increased because of 
the larger exchanger, but in terms of cost per unit weight, the heat 
exchanger is about the cheapest component of the complete gas- 


turbine unit. The use of pure air in the turbines implies a reduc- ~ 


tion in maintenance costs, and this, together with the reduction 
in fuel costs,should more than make up for the extra initial cost, 
provided the utilization is high. 

Electricity Generation. ‘The combination of the exhaust- 
heated engine with steam generation, either’for district heating, 
or extra shaft power, is most attractive. The thermal efficiency, 
at 36-38 per cent up, depending upon the auxiliaries, is obtained 
with few complications, and the plant ‘consists essentially of a 
compressor, turbine, steam turbine, condenser, feed pump, vac- 
uum pump, and ounbinel combustor - heat exchanger - boiler. 

The total transfer-surface area required will be about 2 sq ft 
per developed horsepower. The size of the combined heating 
unit for a 20,000-hp unit would be about 25 & 25 X 12 ft. 

If the utmost efficiency is desired, Fig. 5 shows that thermal 
efficiencies of very close to 30 per cent are possible, by the use of 
intercooling and reheat. Reheating leads to higher final exhaust 
temperatures, making possible higher recovery factors. With a 
gas-turbine efficiency of 30 per cent and 25 per cent recovery of 
the waste heat, an over-all efficiency of 47.5 pet cent is possible. 
The complexity of such a plant would be less than a mercury- 
steam unit, and the air is much easier to handle than the mer- 
cury vapor. ‘ 

It would be practical, with but very slight modifications, td 
burn solid or liquid fuels or low-pressure gas. In locations where 
low-grade fuel is very cheap, economy may be ‘sacrificed by 
using a cheaper and smaller heat exchanger of lower thermal ratio. 
The resultant higher exhaust temperature will permit increased 


TRANSACTIONS OF THE 


ASME 


APRIL, 1950 
utilization of the exhaust heat, so that even if the gas-turbine 
cycle efficiency drops to 10 per cent, the over-all efficiency of the 
dual-cycle plant can approach 32 percent. Such a unit, in powers 
ranging up from, say, 4000 hp would be very attractive for some 
purposes, 

Railroad Operation. Although the heat exchanger is large, it 
is not unreasonably so, and investigation has shown that there 
is enough room on a locomotive chassis to carry an exhaust- 
heated engine that is as powerful as a Diesel engine. A scheme 
for a 2000-hp unit is shown in Fig. 8. For railroad use the 


-ability of the same engine to run, with but minor modifications, 


on coal or oil may prove to be a considerable advantage, while its 
ability to produce steam is of advantage for car heating. 

Marine Service. In very large sizes, the exhaust-heated engine 
probably will be too bulky-to compete with the fully closed-cycle 
engine. Its indifference to fuel type and its convenient and 
economic steam production, however, render it especially suitable 
for ships requiring power, say, less than 20,000 shp. 


CONCLUSIONS 


The transposition of the combustion chamber of a conven- 
tional open-cycle gas-turbine unit to a position between the 
turbine exhaust and the heat exchanger results in an engine ar- 
rangement, which, although bulkier and less efficient than .the 
usual arrangement, possesses advantages entitling it to very seri- 


ous consideration for many applications. The main feature of - 


this exhaust-heated cycle is the fact that the turbines operate 
on pure air, and the combustion products pass only through the 
heat exchanger, thus dispelling any serious fears of ash troubles 
or turbine-blade erosion, A further advantage is the ease with 
which steam can be generated from tlie otherwise wasted heat, 
permitting high efficiencies where the steam can be employed use- 
fully. 

Starting and control appear to present no serious difficulties, 
whether the unit is, run on low-pressure gas, lump coal, or low- 
grade crude oil, any one of which cortceivably could be warned 
in the-same engine. 


Under circumstances where the relatively. large bulk of the 
heat exchanger and combustor present no installation difficulty, 
the possibility of burning really low-grade fuels—a feature assisted 
by the high-temperature level of combustion—makes the ex- 
haust-heated cycle, with or without exhaust steam generation, 
worthy of close study. In this paper we have attempted a brief 
review of the more obvious aspects, and hope that it may lead to 
a much closer and more detailed study of some of the problems 
suggested, 
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ISCUSSIO 
Discussion 


Freperick Nerre..’ The basic arrangement which the author 
rightly recommends for-many special applications is known from 
the time of the early air engines and was by no means overlooked 
when the gas turbine, or rather air turbine, created new possi- 
bilities in this field. : 

Since some relevant work was mentioned by reference to pat- 
ents, it seems appropriate to draw attention to other work indi- 
cating new and substantial possibilities for improvement of the 
exhaust-heated gas turbine, by J. Kreitner and the writer. 

As to Fig. 5 of the paper, it should be pointed out that the au- 
thor evidently did not choose the optimum cycle which requires, 
after approximated isothermal compression, a temperature rise 
during compression 


per cent of the absolute temperature at the start of the compres- 
This means that providing as the author does, for “equal 
temperature rise in each stage of the compressor” 
best. results. 


sion. 
does not give 
Nothing is said at what intermediate pressure re- 
heat is applied. Optimal result requires a temperature drop dur- 
ing isentropic expansion, following approximated isothermal ex- 
pansion, of 


per cent of the absolute temperature at the start of the expansion. 
In these formulas e is the thermal over-all efficiency of the prac- 
tical cycle, and k the effectiveness of the heat exchanger.® 

. The application of the optimal hexagon cycle would have re- 
sulted in higher efficiencies than those shown in Fig. 5, or the 
same efficiencies with a smaller heat exchanger and smaller inter- 
cooler, - 


Exhaust-Heated Cycle in Practice. 


It seems always advanta- 
geous to divide the air leaving the air turbine into two separate 
streams and to use the smaller of these part streams for burning 
the fuel with an air surplus as used in steam boilers. 
larger part stream is used for preheating the air coming from the 


The second, 


compressor and leaves the plant clean. It is thus available for 
many uses; for example, in the chemical industries, food process- 
ing, water distillation, and the like. Only about one third of the 
total heating surface requires periodic servicing.’ 

The air supply proposed by the author for stoker firing is not 
only wasteful but unnecessary. In order to get air of suitable 
temperature for the coal drier in a pulverized-coal-firing plant, or 
air for the various compartments of a traveling stoker, it is more 
advantageous to tap it from the said larger second wart stream at 
one or more points witliin the heat exchanger where the exhaust 
air has been cooled by “useful” heat exchange with the com- 
pressed air coming from the compressor to a‘suitable tempera- 
ture or temperatures.’ This not only leads to considerable im- 
provements in efficiency but also to better utilization of coal 
driers or of stokers, i.e., smaller stoker surfaces. 

The exhaust-heated air turbine is by no means restricted to 
open cycles of comparatively small outputs, but can by modi- 
fication to a semiclosed system be applied to plants of any size. 
In such high-pressure plants a turbopressure-charger set 


5Consulting Engineer, Manhasset, N. Y. Mem. 
ASME. 

® See also U. S. Patents 2,407,165, and 2,407,166. 

7See U.S. no. 2,394,253. 


*See U.S. Patents nos. 2,434,950 and 2, 


Long Island, 


420,335. 


, han- 


dling only about one third of the air circulating in the main high- 
pressure circuit, precompresses the ambient air for the main cir- 
cuit. The same fraction of the hot air leaving the main turbine 
drives the turbine of the charger set, and after leaving the latter 
is used as combustion air in the ‘ at near-atmospheric 
pressure.® 

Another interesting application of the exhaust-heated air tur- 
bine can be envisaged in the production of large quantities of more 
or less heated compressed air, for example, for metallurgical fur- 
naces. Here the air can be simultaneously sharply dried prac- 
tically without additional cost, and the danger of surging of the 
compressor, generally associated with large fluctuations in the 
air demand, eliminated.” 

The combination of the exhaust-heated air turbine with steam 
generation is surely advisable where steam is required for process 
purposes, district heating, etc., but from the point of view of 
efficiency of size of plant it does not appear necessary. It seems 
too early to speak of costs, but the advantage of low cooling- 
water requirements would surely be lost in an air-steam plant. 
Besides, working with two heat carriers must at best be con- 


‘air boiler’”’ 


sidered an unavoidable evil in certain cases, 


The cited references should, in the opinion of the writer, show 
that there exist no basic difficulties in burning lowest-grade oils 
or coals in plants of sizes which may interest the public utilities 
for locations where a severe shortage of cooling water exists. 
Improvement in plant efficiency and increase in power output 
during the winter months should prove another attraction. 

Many of the improvements described are applicable to loco- 
motives and can be expected to improve substantially the effi- 
ciency and performance beyond that of the arrangement proposed 
in Fig. 8 by the author. The decision as to the chances of the 
exhaust-heated air turbine for rail traction will depend on whether 
or not the long-awaited pulverized-coal-fired locomotive with 
mechanical ash removal from the compressed combustion gases 
will prove a success. 

From the foregoing it seems possible that the present preferred 
position of the closed cycle for large marine plants may eventually 
be challenged. 

We may thus conclude that the prospects for the exhaust- 
heated air-turbine plants are even brighter than pictured by the 
author. 


D. G. Suernerp."' The author has offered a clear and concise 
discussion of the exhaust-heated gas-turbine cycle, a topic which 
as he says, has been mentioned from time to time, but has not re- 
ceived detailed attention. 

From the practical point of view, the crucial problem is that 
of the heat exchanger or “ which has to handle hot gas 
at an entry temperature of about 1725 F, air entering at about 
120 F and leaving at 1400 F. (Figures based upon the author's 
assumptions for a 75 per cent exchanger and 1400 F turbine-entry 
temperature.) The use of a counterflow arrangement involves 
a tube temperature intermediate between 1400 F and 1725 F and 
therefore it may be necessary to utilize parallel flow for the first 
part of the exchanger, whereby the metal temperature may be 
reduced to an intermediate value between 420 F and 1727 F. 
Under these conditions, the duty would seem comparable to that 
of known superheater practice, with the advantage of much lower 
stresses owing to the lower pressure. Some advantage in size 
over the conventional heat exchanger for turbine cycles can be 
gained from the fact that the heat exchanger is in reality an air 


air boiler” 


*See U.S. Patent no. 2,472,846. 
10 See Patent no. 2,457,594. 
't Assistant Professor of Mechanical 
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boiler, and a considerable part of the necessary heat transfer may 
bee fe scted by radiation. 

The writer has found some difficulty in arriving at the figure of 
22 per cent efficiency quoted in Table 1 of the paper for the 
exhaust-heated ¢ yele of 5 to | pressure ratio, and it seems rather 
high. Possibly the difficulty lies in the evaluation of pressure 
losses, which are quoted as 10 per cent. Does this mean a loss of 
10 per cent of the maximum absolute pressure, ile., 7.35 psi, 
and if so, how is this loss apportioned before and after the turbine 
expansion? Perhaps the author will give us in more detail his 
basic assumptions in calculating the cycle performance. 

For some applications, it will be more convenient to have a sepa- 
rate power turbine whose speed can be changed from that of the 
main shaft. This does not alter the conclusions of the author but 
does lend itself to some variants of the cycle. Thus the power 
turbine could have a separate combustion chamber with separate 
air supply bled off from the compressor. For the eycle men- 
tioned, the work ratio is approximately '/;, so that with the same 
turbine temperature and pressure-loss ratios, the air would be 
split such that 2 parts go through the exhaustheated side, which 
would act as a gas generator, and 1 part would provide the useful 
power. The power-turbine side would act on the conventional 
evele, requiring fuel suitable for combustion before the turbine, 
with the gases from the turbine either passing through a separate 
exchanger or mixing with the main gas stream (as they have ap- 
proximately the same exhaust temperature). This arrangement 
is illustrated in Fig. 9 of this diseussion. Such a eyele gives an 


EXHAUST 


CCMRUSTION 
EXCHANG 


INTAYe 
Fre. 9 


efficiency intermediate between the plain exhaust- heated ¢ yele 
and the plain open cycle, roughly in proportion to the amount of 


air by-passed to the power-output side, It does of course depart 
from‘the evele as described, since it cannot be run entirely on solid 
fuel, but has the advantage of more flexibility of operation, as 
well as providing an intermediate fuel economy which may be 
useful, depending upon the ratio of fuel costs. 


R. A. anp Professor Mordeil 
has presented an admirable introduction to an interesting gas- 
This cycle has been the subject of a preliminary 
examination in these laboratories, with the specific application 


turbine cycle 


in mind of a coal-burning power plant for locomotive use of 
about 5000 hp output. In, a power plant of this size the air 
heater assumes proportions significs int to the practicability of the 
system and various types of heater form have been investigated. 
The locomotive application necessitates careful consideration 
of the choice of heater construction. Long service Jife, ease of 
cleaning, and maintenance are fundamental requirements. 
Cias-side pressure losses in particular must be kept to a minimum 
and volume and material requirements be of a reasonable order. 


' National Research Council,"Ottawa, Ontario, Canada. 
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It is believed that these requirements. will best be met by a 


conventional shell-and-tube exchanger employing tubes of rela- 
tively large diameter for a reasonably small number of tubes 
under conditions of low- -pressure loss. This type of exchanger 
can be constructed’to incorporate the ruggedness necessary for 
locomotive operation and preliminary sketches indicate that a 
oe arrangement employing tubes as large as 1 in. in diam- 
eter can be accommodated in a locomotive layout of seventy 
feet pea length. At this diameter an over-all tube run of 
about sixty feet would be required for a,thermal ratio of 0.75 
with a heat-transfer area per shp of about 3.5 sq ft. In view 
of the corrosive conditions and high temperatures prevailing in 
the shell it would appear impracticable to reduce the tube wall 
thickness below about 0.040 in. for a reasonable life expectation 
and the total weight of air heater would be about 10 Ib per shp. 

Stable operation and control of this form of power plant would 
appear to depend on a positive metering of a portion of the tur- 
bine exhaust to the firebox to effect a controlled rate of heat 
release, the metering being possibly effected by a simple valve of 
the constant-pressure type manually controlled from a “throttle” 
lever in-the cab. This primary air in the form of hot furnace 
gas would be finally consumed a separate mixing chamber 
with the remainder of the turbine exhaust, the mixed gases of 
uniform temperature proceeding to the shell of the air heater. * - 

This physical separation of the primary and secondary air 
would appear desirable also from the point of view of grate- 
cooling* requirements. The admission of fresh cooling air into 
the firebox must be kept to a minimum to avoid loss of over-all 
thermal efficiency through the rejection of this air at stack tem- 
perature. The throttle-controlled primary air entering the 
firebox would constitute.about 25 per cent of the total turbine 
exhaust. The admission of cooling air into the primary air line 
cotld be effected by an automatic control .of the cooling blower 
based on the limiting temperature (about 400-F) impesed by the 
grate. Under these conditions the reduction in over-all thermal 
efficiency due to cooling-air admission would be about 4 per cent, 
ignoring the negligible power requirements of the blower. The 
importance of controlling the cooling-air admission to a mini- 
mum level is illustrated by the extreme case in which the whole 
of the turbine exhaust is cooled to the limitation temperature. 
Under these conditions the over-all thermal efficiency would be 
of the order of 6 per cent. ; 

The restriction of the firebox air to that required for the 
necessary heat release and the provision of a mixing chamber 
before the heater should result in a reduction of ash carry-over 
and a uniform temperature into the shell with consequent im- 
proved heater life. Further, with careful attention to the 
mixing-chamber design, a reduced pressure drop through the 
combustion system appears likely. 


AuTHOR's CLOSURE 


Mr. Nettel has made many valuable suggestions for the proper 
application of the exhaust-heated ¢ yele and it is obvious that he 
and his associates have been engaged on the close and more de- 
tailed study referred to in the conclusions. ; 

In presenting performance calculations no attempt was made 
to find the optimum performance as such, we merely showed what 
could be done using reasonable compression ratios and maximum 
temperatures. For a given compression ratio equal division of the 
temperature rise between two stages gives the best compromise if 
the intercooler effectiveness be nearly unity, while in the use of 
reheat, practical convenience would make its application betweer 
the compressor and output turbine almost mandatory. 


The suggestion to use some cooled “dilution” air to supply “7 7 


der the grates, rather than the separate supply envisaged by the 
author, is particularly valuable. The author shares with Mr. 
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Nettel a dislike of two heat carriers, but it seems that the rewards 
would make it attractive so long as water is available. 

In answer to Professor Shepherd, the effect of pressure losses in 
the system was allowed for by assuming the expansion ratio to be 
90 per cent of the compression ratio. There is thus no need to 
specify where the losses actually occur at this stage. 

In presentation of the paper, the author eschewed discussion of 
all but the simplest possible erigine in the interests of conciseness, 
but it is apparent that there are innumerable variations of more or 
less complexity, to suit special needs. Professor Shepherd’s pro- 
" posed compromise appears to the author to abandon the one sell- 
ing point of the true exhaust-heated engine, namely, its ability to 
burn very low-grade fuels. 

The possibilities of the exhaust-heated cycle obviously are go- 
ing to depend on the size of a practical heat exchanger, and the 
comments of Mr. Tyler and Dr. MacPhail are particularly timely. 
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A recent report by Kays and London" also studies the design 
problems of a heat exchanger for this application, and it is of in- 
terest to compare the two solutions. Messrs. Tyler and — - 
have considered a very rugged design whose weight comes out at 
10 Ib per stip, and surface area 3.5sq ft/ shp. Messrs. Kays and 
London have examined four cases using smaller tubes and in some — 
cases extended surface area. The analysis suggests weight of the 
order 2.4-5.6 lb per shp with volumes between 67.5 and 86.3 cu 
ft per 1000 shp. The optimum choice of type awaits trials in 
service, although it would appear necessary for railroad applica- — 
tion to use the heavier design in which, presumably, maintenance 
would be cheaper and simpler, 


"Gas Turbine Regenerator Design Studies,” by W. M Kays 
and A. L. London, Technical Report No. 8, Department of Mechani- 
cal Engineering, Stanford University, Calif., 1949 
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Properties and Characteristics of Fuel Oils 
| for Industrial Gas-Turbine Usage 


By D. P. HEATH! ano E. ALBAT,! PAULSBORO, N. J. 


Largely as a result of the rapid wartime development of The main usage of kerosine is in wick-feed lamps and stoves, — 


. gas turbines for aircraft usage, renewed emphasis has been 
placed upon the development of gas turbines for industrial 
applications. At the present time a number of domestic 
organizations are quite active in this field. One of the 
principal industrial applications of gas turbines in the 
United States is their use in the Houdry catalytic-cracking 
process in the oil-refining industry. Recent development 
work is centered around their use in the field of locomotive 
and marine propulsion using either coal or oil as fuel. 
The ultimate choice of a fuel is a complex problem involv- 
ing such factors as fuel cost, engine performance and 
maintenance, and fuel availability. As far as fuel oils are 
concerned, the designer is further confronted with a wide 
variety of grades from which to choose. This paper pre- 
sents information on the fuel properties and character- 
istics which are commonly employed for the identification 
and specification of such fuel oils, and also on those proper- 
ties which are felt to be of significance with regard to fuel- 
system design and combustion-chamber and gas-turbine 
performance. Since fuel cost and availability are inti- 
mately related to supply and demand considerations, only 
limited regard is given to these factors in the present paper. 


TypicaL Prorerties or Ors 


HE classification of fuel oils into various grades has been 

tried several times with only limited success. A great many 

differences still exist among the systems employed by 
various oil companies; in addition, in many cases, there are con- 
siderable differences among the fuels produced by the different 
refineries of one oil company. A summary of several fuel-oil 
classifications is given in Table 1. Three different fuel-oil classi- 
fication systems are presented in this table, ASTM Burner Oils, 
Pacific Coast Burner Oils, and ASTM Diesel Fuels. Of these 
three systems the ASTM Burner Oil Classification, which also 
has been adopted by the National Bureau of Standards, is the 
most widely used. 

Average properties of the fuel oils produced in the United 
States are given in Tables 2, 3, and 4. In these tables the average 
properties and the normal variation.in these properties are given 
for four types of distillate burner fuels, three types of residual 
burner fuels, and for three types of Diesel fuels. 

The properties of the following four distillate-burning fuels are 
given in Table 2: 


(a) Kerosine. 

(b) Light distillate fuel oil. 
(c) Domestic fuel oil. 

(d) Heavy distillate fuel oil. 


1 Socony-Vacuum Laboratories, Division of Socony-Vacuum Oil 
Company, Inc., Research and Development Department. 

Contributed by the Gas Turbine Division and presented at the 
Fall Meeting, Erie, Pa., September 28-30, 1949, of Tue AmerIcAN 
Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—F-8. 


and in pot-type domestic oil burners. The main requirement of a 
kerosine for these purposes is good burning quality, i.e., it should 
burn without causing objectionable odors, smoke, or deposits. 
To meet this requirement, kerosine must have a boiling range of 
about 300 to 500 F and be paraffinic in nature. 

Light distillate fuel oil is a product that is very similar to kero- 
sine in physical properties. However, it usually will not meet all 
of the rigid kerosine specifications. Light distillate fuel is used 
mainly in pot-type domestic oil burners. Both kerosine and light 
distillate fuel oil frequently are sold as light Diesel fuels. 

Domestic fuel oil is the most widely used distillate fuel. It has 
a boiling range of about 400 to 700 F and is used in all types of 
domestic oil burners. To burn satisfactorily in most domestic 
oil burners, a fuel should have an ASTM 90 per cent point be- 
low 675 F, as fuels having appreciable amounts of material above 
675 F tend to smoke and leave deposits in those burners of poorer 
desigti. In addition, domestic fuel oil should be noncorrosive and 
should not deposit gum or sediment in the burner, fuel lines, or 
fuel tank. 

A few types of domestic oil burners can burn satisfactorily a 
fuel of slightly higher boiling range than domestic fuel oil. In 
some localities heavy distillate fuels are available for use in these 
burners. Heavy distillate fuels have boiling ranges of about 400 
to 750 F and have somewhat higher heats of combustion on a 
volume basis. 

The properties of light and heavy No. 5 fuel oils and No. 6 
fuel oils are given in Table 3. These stocks all contain residual 
materials and are used as industrial and marine fuels. The chief 
physical requirement of these fuels is that they be sufficiently 
fluid to permit ready transfer by pumping. For this reason, the 
classification of fuels into light and heavy No. 5 and 6 types was 
made on the basis of viscosity. The No. 5 fuel oils can be pumped 
without heating, except during extremely cold weather. The No. 
6 fuel oils usually require heating to considerably higher tempera- 
tures than No. 5 fuel oils. 

Typical physical properties of light, medium, and heavy dis- 
tillate Diesel fuels are given in Table 4. The two major require- 
ments of Diesel fuels are ignition quality, as measured by cetane 
number, and volatility. In certain critical Diesel engines (high- 
speed) the more volatile fuels give less exhaust smoke and odor, 
and fuels of high cetane number promote easier starting and 
smoother operation. Inasmuch as Diesel engines of a wide 
variety of sizes and speeds are produced, the volatility and cetane- 
number requirements vary considerably. 

Light Diesel fuel is of the same boiling range as kerosine. Fre- 
quently, to simplify supply and distribution problems, a product 
meeting the requirements of both water-white kerosine, and light 
Diesel fuel is produced and sold as a common fuel grade. Simi- 
larly, domestic fuel oil is sometimes sold as medium Diesel 
fuel. 

Specifications for the three highest-quality fuels —kerosine, 
medium Diesel fuel, and domestic fuel oil—are quite rigid; 
hence the range of properties encountered among several samples 
of these fuels is much narrower than will be encountered with most 
other fuels. The properties of residual fuel oils, in particular, will 
vary over a wide range. 
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TABLE 3 PROPERTIES OF RESIDUAL BURNER FUEL OILS 
Light No. 5 fuel—. —Heavy No. 5 fuel No. 6 fuel 
Average Variation Average Variation Average Variation 
Gravity, deg API it ares eas 20 10 30 19 14 22 15 7- 22 e 
Flash point, deg F (PM)....... aye 200 170- 320 220 180- 240 270 160- 410 ; ¢ 
Viscosity, SSU at 100 F.......... 130 60- 300 
SF at 122 F.. 30 20- 40 90 45- 300 
Centistokes at 100 F............. 27.5 10.5- 65 130 65~- 200 480 260- 750 
Pour point, deg F................ * +20 ~10- +80 5 15-+50 45 +15- 85 
Sulphur, weight, per cent ra 1.0 0.2- 3.0 1.0 0.5- 2.0 i323 0.7- 3.0 
Copper-strip corrosion, | hr at 
212 F Pass Pass Pass 
Color. . Black Black Black 
Water and sediment, volume, per ‘ ) 
0.2 Trace- 1.0 0.3 0O.05- 1.0 0.4 0.05-2.0 
Carbon residue, weight, per cent. . ' 3 l- 10 . 6 3 8 7 5- 13 
Ash content, weight per cent ae 0 03 0-0.10 0.03 0-0.10 0.05 0.01-0.50 
TABLE 4 PROPERTIES OF DIESEL FUEL OILS « 
Light Diesel fuel—. —Medium Diesel fuel—. —Heavy Diesel fuel 
Average Variation Average Variation Average Variation 
Gravity, deg API.... : 42.0 42- 43 36.0 33- 41 28.0 22- 31 
ASTM distillation temperatures, 
deg F: 
Initial boiling point - 345 330-— 390 370 350- 460 390 360- 430 { 
10% recovered.............. : 395 - 380- 420 450 420- 510 470 460- 480 
50% recovered. . Plage-ak 445 430- 460 510 465- 550 540 520- 560 
90% recovered.............. 500 490- 515 550 530- 675 660 590- 680 
Final boiling point......__. 535 525- 625 620 740 720 650- 750 
Flash point, deg F (PM)... ..... 135 130- 160 160 140— 220 185 160— 200 
Viscosity, SSU at 100 F 40 38- 43 
Centistokes at 100 F.. 1.8 1.4- 2.0 3.7 3.1- 8.8 4.2 3.6- 52 
Pour point, deg F : 30 +20-—40 0 +20-—15 0 —30-+425 
Aniline cloud point, deg F 150 145- 155 150 140- 160 130 110- 140 
Sulphur, weight, per cent _ 0.05 0.005- 0.5 0.2 0.04- 1.0 0.4 0.2-20 
Copper-strip corrosion, | hr at - 
Color, Saybolt..... +23 + 16-427 
ASTM... 1-1/; i- 7 6 
Water and sediment, volume, per 2s 
cent... Nil Nil Nil-0.10 0.01 0-0.50 
Carbon residue on 10 per cent 
residuum, weight per cent 0.01 0-0.15 0.03 0.01-0.35 0.1 O12 
of Cetane number... os 50 40- SA 50 40 53 30 25 40 
All of the ten classifications of oils listed in Tables 2, 3, and 4 | | | | | | | | q 
are available in any one locality. In most localities in the ws + } 
re not tilable in any one lo st k aes Ty 
United States three to seven classifications of fuel oils will be API 
available. The three fuels that are most widely distributed are 15 eT = <a 
kerosine, domestic fuel oil, and No. 6 residual fuel. Some changes ; — 
in the availability of oil stocks can be expected from year to year, z 2 ee + 
but residual fuels will continue to be the most plentiful, with oe | ~ 25 eo 
domestic fuel oil being the most widely available distillate fuel. | __ 
es wlo eing the E 30 
SIGNIFICANCE OF PuysicaL Tests =— 
In studying various physical tests of fuel oils, it should be kept — = ee o 
in mind that no one test taken alone is of much value, but that a Ped = _— 
group of tests is necessary before the characteristics of the oil ean is So a 
be evaluated. With this in mind, the significance of the various rT 
tests listed in Tables 1 through 4 are discussed briefly. - 
API Gravity. API gravity is a direct measure of the density of ue wee 
an oil and is a good indication of its heating value. The density ’ : 
of an oil changes rather rapidly with temperature. Fig. Lis useful 
in estimating the density at various temperatures when the AP] 
gravity is known. API gravity is also an indication of the com- Flash Point. The flash point of an oil is the lowest temperature 
position of an oil. For example, of two oils having the same — ©f the oil at which the vapor above the oil will burn if subjected to 
boiling range, the one having the higher API gravity is the more “2 open flame. Therefore the flash point of an oil is an indication 
paraffinic. of the temperatures at which an oil ean be handled without undue 
ASTM Distillation. An ASTM distillation is one of the most fire hazard. Both the Pensky-Martens and Tag flash points, 
common tests conducted on petroleum products. It isa measure _ listed in Table 2, are determined in a closed container and agree 
of the boiling range of an oil and, as such, is of different signifi- quite well with each other; however, the Tag flash point pro- 
cance with different products. In domestic fuel oils the amount cedure should not be used for oils having flash points above 175 F. 
of high-boiling material present gives an indication of the per- | The flash point determined in a closed container is always a few 
formance of the oil in certain types of burners. Specific burner degrees lower than a flash point determined in an open con- 7 
types are commonly designed to operate on fuels of a given — tainer. 


volatility. Use of a fuel higher in boiling range than that for 
which the burner was designed usually will lead to increased 
smoke and deposits. For example, most gun-type household 
burners can burn successfully a heavier fuel than pot- 
type burners, while an industrial-type burner ean burn prae- 
tically any liquid fuel. 


Viscosity. Several different methods of measuring viscosities 
are used for fuel oils, each grade of fuel oil having a particular 
viscosity method that is most widely used in its specification as 


shown in Table 5. 
Kinematic viscosity at 100 F is gradually replacing the various 
Saybolt viscosity measurements as it is a more accurate and more 
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TABLE 5 
Product 
Kerosine 
Diese! fuels 


Distillate fuel oils 
Residual fuels. .. . 


METHODS OF MEASURING VISCOSITY 
Type viscosity measurement usually specified 
Saybolt thermo viscosity at 60 F 
Saybolt Universal or kinematic viscosity at 100 F 
Saybolt Furol viscosity at 122 F 


flexible method of test. Kinematic viscosity at 100 F can be 
converted to the various Sgybolt measurements by means of the 
scales given in Figs. 2 and 3. Typical viscosity-temperature 
curves for the various grades of fuel oil are also given in these 
figures. Since No. 6 fuel oils cover such a wide range of viscosi- 
ties, two lines are given for this grade. 

A lower limit of 30-sec Saybolt Universal at 100 F on Diesel 
fuels is generally recognized as being necessary to prevent leakage 
in worn fuel-injection equipment, and to furnish lubrication for 
the injection equipment of certain types of engines. For opera- 
tion at atmospheric temperatures below 10 F, high-viscosity fuels 
are usually avoided to secure the required low pour point and in- 
creased volatility. If the viscosity of a Diesel fuel is unusually 
high, a solid stream may be obtained from the injector instead of a 
spray. 

In the utilization of residual fuels in marine boilers, which 
usually do not have steam atomizers, an optimum viscosity of the , 


TEMPERATURE. 
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fuel at the nozzles can be found which results in the most efficient 
combustion. Preheating of viscous boiler fuels to give a viscosity 
of about 150 see Saybolt Universal at the sprayer plates is stand- 
ard U.S. Navy practice. 

Detailed relationships of the effects of viscosity upon spray 
characteristics of gas-turbine fuel nozzles are not available, but it 
is expected that the design of the atomizing equipme nt will pro- 
vide no difficult problem. 

Viscosity is also related to ease of pumping. In general, if an 
oil has a viscosity of over 5000 to 10,000 sec Saybolt Universal, it 
is extremely difficult to pump. Inasmuch as the viscosity of an 
oil decreases rapidly as the oil is heated, very viscous oils require 
heating before they can be pumped. The temperatures to which 
an oil of a given viscosity must,be raise d to facilitate easy pump- 
ing can be estimated by the use of Figs. 2 and 3. 

Pour Point. The pour point of an oil is the lowest temperature 
at-which an oil will flow under specified test conditions. It is 
related directly to the wax content and viscosity of an oil. * In 
general, the lowest practical pumping temperature is considered 
to be about 10 deg F above thé pour point. 

Aniline Cloud Point. The aniline cloud point is a measure of 
the paraffinicity of an oil, a low aniline point indicating an aro- 
matic, naphthenic, or a highly cracked oil. Conversely, a high 
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aniline point indicates a paraffinic straight-run oil. The major use 
of the aniline point is in the calculation of empirical constants re- 
lated to some performance characteristics. 
discussed in a later section of this paper. 

Sulphur Content. From a corrosion standpoint, sulphur content 

is important only when it is excessive. It must be remembered 
that sulphur occurs in many forms of which some are harmful and 
some are not. 
* The sulphur content of kerosines, which are to be burned in 
lamps or stoves indoors obviously should be quite low because of 
the resultant odor of the products of combustion. However, the 
sulphur content of other burner fuels is not of importance from the 
standpoint of corrosion in the unless 
the products of combustion are cooled sufficiently to condense the 
water in them, Sulphur dioxide is not a corrosive agent except in 
the presence of water. 


These constants are 


chimney 


exhaust or 


With respect to corrosion at high temperatures, of the order 
normally encountered in gas-turbine applications, Avery (1)? 
presénts quantitative data showing the effects of sulphur-bearing 
combustion gases on various metal alloys. It was shown that 
even high-sulphur gases do not cause a measurable increase in 
corrosion rate over that which would be obtained with air of the 
same temperature, when high-temperature-type alloy steels are 
used. 

Copper-Strip Corrosion. Copper-strip corrosion tests attempt 
to measure the corrosive tendencies of an oil. Usually such 
tendencies are related to the presence of harmful sulphur com- 


? Numbers in parentheses refer to the Bibliography at the end of 
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pounds. The results of corrosion tests are obvious for very bad 
fuels or very good fuels, but intermediate cases are not conclu- 
sive. The corrosion occurring in a system handling fuel oil is 
more frequently the result of the existing temperature-humidity 
conditions or the materials of construction rather than the result 
of operation on a corrosive fuel. 

Color. The color of an oil is of little value as an indication of | 
its performance characteristics except in extreme cases wherein 
contamination is indicated. The two common methods of meas- 
uring the color of petroleum oils are the Saybolt and ASTM 
methods. The Saybolt colorimeter is used on white products 
such as kerosine and gasoline. The Saybolt color scale runs 
from —16 (darkest) to +30 (lightest). The ASTM colorimeter 
is used to measure the color of fuel and lube oils. On the ASTM 
color seale, No. 1 is the lightest and No. 8 is the darkest color. 

Water and Sediment. The presence of water and sediment is 
usually an indication of fuel-oil contamination. In the case of 
residual fuels, high values for this test may also be related to the 
instability of the fuel which is occasioned by the precipitation of 
heavy asphaltic or carbonaceous substances. The sediment-by- 
extraction test is another test frequently specified for heavy fucl 
oils and is supposed to give a similar indication of the insoluble 
material dispersed in the oil which ultimately will sludge out. 
Neither of these tests has been found to correlate with the pre- 
heater fouling characteristics of certain residual fuel oils. Pre- 
sumably, polymerization and oxidation effects associated with the 
frequent recirculation of oil at relatively high temperatures over- 
balanced these factors. As a result, the Navy Department, in 
specifying stable residual fuel oil for its vessels, requires that it 
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pass a heater-fouling test which simulates preheater Operation 
aboard ship. 

Another sludge in fuel 
oils is that resulting from the incompatibility of mixtures. A 
gross example of this would be the mixing of a straight-run Diesel 
fuel with a deeply cracked bunker C fuel gil. Though neither fuel 
would have large amounts of sediment present, 
by the BS&W test, the mixture would have a very large amount 
which could plug lines, filters, and preheaters. Vessels are par- 
ticularly susceptible to this type of fuel failure where bunker lift- 
Where there is doubt 
concerning the compatibility of fuel oils, segregation of the stocks 
will of course minimize operating difficulties. 

Ash Content. Residual fuel oils usually possess ash-forming 
gana ‘nts which indicate the presence of inorganic materials. 

A wide variety of metals may be found in the ash which originates 
in part from the metals inherent in the erude oil, the contamina- 
tion by chemical compounds during the refining operation, and 
So- 


well-known cause of and sediment 


as indicated 


ings from different countries are made. 


the entrainment of materials such as rust, seawater, ete. 
dium, iron, and vanadium are particularly deleterious to the brick- 
work in a furnace and cause rapid slagging of the refractory ma- 
terials, necessitating frequent and costly replacement. In addi- 
tion, these materials in the form of sulphates and oxides deposit 
on the closely packed superheater tubes and restrict the passage 
of the combustion gases through the furnace. - 

In so gas-}urbine a high ash 
content in the fuel oil may the rate of erosion of the 
burner chamber, turbine nozzles, and blading. 


far as operation is concerned, 


Increase 


were npted. Efforts on the part of the refinery to reduce the ash 
in residual fuels have not been successful without a disproportion- 
ate intrease in the cost of the fuel. Filt ation and centrifuging 
were found to be partially effective, depending on the nature of 
the oil and the ash-forming constituents as well as the conditions 
of processing. 

Carbon Residue. “The carbon residue of distillate-type fuels is 
generally The 
residue test on the 10 per cent bottoms from the fuel is more re- 


too small to be measured accurately. , earbon- 
producible and serves to indicate the presence of residual mate- 
rials. Carbon residue has some relation to burner deposits caused 
by fuel oils and is felt to be related t6 combustion-chamber de- 
posits in Diesel engines; 
been found. In residual fuel oils, a high carbon residue indicates 
a deeply cracked fuel oil or, in some cases, residual materials from 
highly asphaltic crude. Paraffinic straight-run residual fuel oils 
are characterized by a relatively low carbon residue. 
Heat of Combustion. 

ally estimated from the 
termination. is quite difficult. 


however, no definite -relationship has 


The heat of combustion of an oil is usu- 
API gravity inasmuch as the actual de- 
Fig. 4 shows the 
tween API gravity and the net or lower heating value 
eral, the heat 


relationship be- 
In gen- 
differences in of combustion between different 
However, in carefully controlled 
laboratory tests of Diesel engines, heat of combustion has been 


engine or burner performance. 


found to be a variable affeeting power output and fuel consump- 
tion. 
Number. Cetane in 


*Cetane number is of importanée only 


Diesel fuels. It is one of the factors affecting engine starting and 
roughness in operation, but appears to have little or no direct 
relation to exhaust smoke, power, or fuel consumption. 
‘Heat Content and Related Thermal Properties. The 
properties of fuels, such as heat content, heat capacity, 
mal conductivity, 
Average 
inclusive, which should prove useful to the design 


thermal 
and ther- 
often must be estimated in the design of fuel- 
oil systems. values for these variables are given in 
Figs. 5 to 7, 
engineer. 


In a recent test, 
(2) with a high-ash-content fuel (1.5 per cent) no serious effects , 


batches Of the same grade of fuel are too small to be refleeted in, 
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Spontaneous-lgnition Temperature. A measure of the ease 
with which an oil will ignite in contact with a hot object in the 
presence of air is given by the spontancous-ignition temperature. 
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Fic. Hear or Compaustion or Perroteum Fractions at Con- 


STANT Pressure 
It is not entirely a fuel property, however, as the values will vary 
considerably depending upon the apparatus used and the method 
of test employed. As an indication of the values obtained, some 
of the results of Edgar (4) are given in Table 6. 

Surface Tension. Surface tension is the molecular force ¢xist- 
ing’in the surface film of all liquids which tends to contract the 
volume into a form having the least surface area. Compared to 
water, pe ‘trole ‘um products have relatively low surface tensions. 
s per cm at 20 C (68 F), 
while petroleum products have surface tensions varying from 15 


to 40 dynes per em at 20 C.* 


Water hus a surface tension of 76 dynes 


TABLE 6 SPONTANEGUS IGNITION TE — RATURE OF PETRO- 


LEUM PRODUCTS (4 


Product SIT, deg F 


Aviation gasoline (100 octane leaded) oat 
Ww. kerosine (fly-spray) 


Diesel fuel ( 52 cetane) 
No. 1 fuel oil (Mid-Continent) i 
AE 60 aero lube ceil (MC solv. ext.) — 


This property in petroleum distillates appears to be a direct 
function of the density of the oil. In Fig. 8 the surface tensions 
of a number of pure hydrocarbons boiling in the gaseline range 
The line drawn i in Vig. 8 
is that given for petroleum distillates having end points up to 
570 F°(6). 


The surface 


(5) are plotted against specific gravity. 


tension of petroleum products decreases with in- 
creasing temperature. From the limited amount of data availa- 
ble, it that all approxi- 
mately the same rate of change of surface tension with tempera- 
ture. In the range of 0 to 100 C (32 to 212 F), this rate of change 
iS approximately 0.11 dynes per em per deg C (0.061 dynes per 
em per deg F), 


appears types of hydrocarbons have 


In aqueous solutions, the addition of wetting agents or deter- 
gents causes an appreciable reduction 
of the liquid and gives a solution which will form a relatively 
froth with In petrdleum products, 


of antifoam 


stable air. 


addition 


how ever, 
surface-active agents brings 


agents -or 
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dynes per em in the surface 
Inasmuch as the surface { 


ten- 
‘nsion of a petroleum 
of a given boiling range will fall w.thin a re 
narrow range, and this range can be changed 
use of addition agents, the surface 


latively 
only slightly by the 
tension of a fuel oil would ay 


LEGEND 


SURFACE TENSION. DYNES /Ce @ 20% (60°F) 


wo | PARAFFINS 
NAPHTHENES 
| | AROMATICS 


ES 


Fig, 8 


Empirical Constants. 


usual physical tests. 
and expensive to make, 


performance, 


the following properties 
j 


tain an indication of the 
_ performance properties. 
Diesel Index. 
tane number. 


relationship may be reve 


~ The relationship between Diesel index and cet 


about as follows 

Diesel index 
43 

50 

‘ 59 


Di line has a Diesel index 
below 10. 


Diceel index = 


UVOP K-Value. 


has been widely used as an index of composition in the correl 


=< of fuel oils 


oils will be between 10.0 and 12.5 with the paraflinie stocks hav- 


ing the higher values. 


pear to be a very minor variable affectin 
the fuel spray from a nozzle. 


70 es 


SPECIFIC GRAVITY. 60° 60°F 


OTHER CHARACTERISTICS AND TESTS 
It is apparent that the performance 


characteristies of an oil are quite difficult to estimate 


several empirical constants utilizing two 
or more physical tests have been developed for estimating product 


composition of an oil 


‘rsed. 
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Diesel index is calculated from the API gravity anc 
cloud point by the following equation 


100 


tion of thermal properties, such as heat content and 


Surrace Tension or Perroteum 


g the characteristics of 


These constants usually employ two or more of 
> API gravity, viscosity, aniline cloud 
point, and average boiling point. Since all of these 
are interrelated, the use of two of them is usu: 
and hence of its 

Diesel index is a relatively reliable index to ce- 
It is usually several numbers higher than the 


corresponding cetane number, except in the case of fur 
ing additives to improve the cetane number in whic 


ane number is 


Diesel index is applicable only to fuels having a boiling 


similar to that of Diesel fuel. For example, aviation gaso- 


and a cetane number of 


1 the aniline 
API gravity X aniline point, deg F 


The UOP K-value or characterization factor 
specific heat 
of oils. It has also been used to indicate the burning qualities 


The range of values obtained is quite limited. 


The A-value is calculated from the aver- 


from the 
Since performance tests are quite difficult 


properties 
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age boiling point and specific gravity by the following equation 
VT. 


S. 


K 
where 
Tz, = average boiling point, deg R = 
S-= specific gravity 60/60 deg F 


deg F + 460 


Carbon-Hydrogen Ratio. The carbon-hydrogen ratio of dis- 
tillate fuels has been found to correlate with the carbon deposits 
formed in domestic oil burners under certain operating condi- 
tions. Here again, the design of the burner is of primary im- 
portance and, in critical units, fuels having low carbon-hydrogen 
ratios, i.e., the more paraffinic fuels, will result in smaller de- 
~posits. . 

The carbon-hydrogen ratio of a fuel can be determined by burn- 
ing a given amount of oil completely and analyzing the products 
of combustion. However, this procedure is extremely difficult to 
carry out accurately. A correlation for estimating carbon- 
hydrogen ratios of distillate fuels has been developed by Cauley 
and Delgass (7) and is presented in Fig. 8. This correlation is 
based upon aniline point, API gravity, and boiling point of a fuel 
(ASTM 50 per cent boiling point). The empirical formula ex- 
pressing the relationship in Fig. 9 is as follows 


28 
A + 47 


C/H ratio = 


Appiication of this correlation is limited to distillate fuel oils 
with mid-boiling points ranging from 350 F to 671 F. 
PropucTIoN oF Furt O1Ls 


The production of fuel oils,-in general, is controlled by refining 


az APL.GRAVITY X ANILINE PT..°F _ AVG. 
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100 
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TABLE 7 
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operations for the production of more valuable products. Fuel 
oils, ranging from light domestic fuel and high-speed Diesel 
fuel, to heavy marine and industrial fuel are obtained as distillates, 
or as residuum from primary crude-oil distillation, or from 
thermal and catalytic cracking. All types of fuel oils can be 
converted to gasoline by thermal or catalytic cracking, assuming 
the availability of suitable processing equipment. 

Since refining operations are ordinarily carried out primarily 
to obtain the desired yield and quality of gasoline, it is not pos- 
sible to exercise complete control over the characteristics of the 
fuel oils produced simultaneously. In the case of crude-oil dis- 
tillation, the light-fuel boiling range can be controlled, but not 
much can be done about any of the other characteristics. In 
other words, the refiner simply isolates a fuel of desired boiling 
range and its characteristics depend only on the type of crude 
processed. In the case of hexvy fuels, the chief property which 
can be regulated is viscosity. This characteristic is controlled 
by blending light fuel-oil (distillate) fractions in the residual (un- 
distilled) fuel to the extent required. Similarly, the light fuel 
produced by thermal and catalytic cracking can be controlled as 
regards boiling range, but the other characteristics depend prj- 
marily on the type of stock being processed and on the severity 
of the cracking operation. The viscosity of the heavy fuel pro- 
duced through thermal cracking is regulated, as in the case of. 
crude-oil distillation, by blending-in light fractions. Thus the 
production of fuels of the desired characteristics is mainly a mat- 
ter of selection and blending of available stocks. 2 

The stability and performance specifications for kerosine, 
Diesel fuel, and domestic heating oils limit the types of refinery 
stocks suitable for these fuels. In general, burning kerosines 
contain only straight-run material, light Diesel fuel contains 
straight-run and catalytically cracked fuel, and domestic fuel oil 
can contain straight-run, catalytically 
cracked fuel. 


cracked, and thermally 


AVAILABILITY OF FUEL OILS 


It is difficult to predict reliably what the future relationship - 
of supply and demand for fuel oils will be. With the completion 
of refinery-expansion programs, and the modernization of trans- 
portation systems, supply has more than kept up with demand. 
The result has been a cutback in crude-oil production today. The 
fact remains that, when needed, enough oil will be produced to 
satisfy all essential requirements in the near future, despite the 
predictions of some forecasters to the contrary. 

An estimate of the future fuel-oil balance can be made from 
current consumption trends. For 1947, Table 7 (8) gives the 
consumption of fuels in the United States. It is noted that heat- 
‘ing and industrial applications were the principal consumers of 
fuel oils. Residual fuels constituted the bulk of the oils and 
averaged about 56 per cent of the total; distillate fuels came next 
and comprised about 25 per cent. Kerosine and Diesel fuel made 
up the remainder of 11 and 8 per cent, respectively. At the 
moment, domestic oil-burning installations are proceeding at an 
accelerated rate which, together with the steam-to-Diesel con- 
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HEATH, 


rABLE 8 ESTIMATED U.8. CONSUMPTION OF FUEL OILS IN 
THOUSANDS OF BARRELS OF 42 GAL 
; Per cent change 
. Fuel 1947 1951 over 1947 
Kerosine. . 102703 113000 +10 
Diesel fuel. . 69857 113006 +62 
Distillate fuels. 228157 329000 . +44 
Residual fuels. . . 520529 _474000 — 
Total 921246 1029000 +12 


version program of the railroads, and the increased use of Diesel 
tractors, buses, and trucks, will impose increased demands on 
distillate-type stocks. The extent of these increases for 1951 
is estimated in Table 8. 

A reduction in the amount of residual fuel oils available is pre- 
dicted. However, they will still be the main fuel-oil type for 
some years to come. Part of the increase in distillate fuels will 
be accomplished at the expense of residual stocks which will be 
cracked more extensively. In the immediate future, considera- 
tions of supply point to the use of these residual grades as the 
most attractive liquid fuel for gas-turbine usage. 
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Discussion 

Fk. T. Hacue.* The total fuel cost for an industrial gas turbine 
must not exceed that of a Diesel engine if the gas turbine is to be 
a competitive engine. This means that it must burn residual 
Residual oils as a group have two characteristics which must 
be controlled to insure satisfactory use. These are (1) the com- 
patibility or freedom from sludge formations when batches of 
different origin and history are mixed together; and (2) the ash 
content of metallic salts which adheres to turbine blading and 
renders units inoperative. . 

In reference to the use of residual oil, it should be recognized 
that any gas-turbine manufacturer can develop a combustor for 
efficient combustion, and that the turbine-blade deposits, result- 
ing from the use of an unsuitable batch of oil, are independent of 
the combustor design or the name of the turbine manufacturer. 
The problem of avoiding the use of unsuitable oil in a gas turbine 
has the characteristics of an industry problem, in that it is in the 
interest of the customer, the oil supplier, and the turbine manu- 
facturer that the impossible not be attempted. 

The industrial gas turbine gives promise of being a continuous 
outlet for a nominal percentage of residual oil. The oil industry’s 
interest in developing this outlet for the otherwise surplus ‘“‘what’s 
left” of the refining process is commendable in all respects. Let's 


* Consulting Engineer, Steam Division, Westinghouse Electric 
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consider the wealth of information at their disposal to do some- 
thing constructive for the gas-turbine fuel-oil problem, 

The oil suppliers know the field origin and the processing his- 
tory of their residual oils. They recognize the typical ash content 
of the crudes from specific oil fields, such as the objectionable 
vanadium pentoxide from South America, and the sodium and 
calcium sulphates from domestic fields. We understand they 
recognize the impossibility of mixing refinery stocks from straight- 
run catalytically or thermally cracked processes without incur- 
ring incompatibility. This general type of information and ex- 
perience is the present basis for preparing Navy Special residual 
oil. 

The gas-turbine group must now become sufficiently articulate 
to tell the oil industry what it requires of a gas-turbine residual 
oil. Once the oil industry is convinced there is a gas-turbine re- 
sidual-oil problem and takes the necessary steps to segregate and 
market a suitable “gas-turbine residual oil,” it will be using its 
potential technical knowledge and experience most commendably. 
There is every indication that the various oil suppliers should get 
together and pool their experiences so that the availability of « 
gas-turbine residual oil fuel is a reality of tomorrow. Diesel oil 
fuel is.closely controlled by specification because the Diesel and 
oil industries recognize the common-sense economics of using 1 
suitable fuel. The gas-turbine industry is yet in the embryo 
stage, but the same common sense should rapidly mature the 
thinking on its fuel problem. Customers aren’t going to like it 
otherwise. 


Asuton Howarru.**® More emphasis, it is believed, should be 
placed on ash content and its effects, as it constitutes one of the 
principal objections militating against the use of residual-type 
fuels in gas turbines. 
is probable that susceptibility to attack by and deposition of va- 
nadium compounds and other salts also are of great importance. 
Part of this problem is not much different from that encountered 
in steam-boiler practice where deposition of materials in the forms 
of sulphates, glasses, and oxides in superheater banks restricts 
the passage of combustion gases through the boiler and interferes 
with its operating efficiency. 

The authors cite an example where a high-ash-content fuel pro- 


Serious as the corrosion problem may be, it 


duced no serious effect. Type of constituent is even more impor- 
tant than the amount; a low ash content of certain constituents 
can be much more offensive than higher amounts of other ma- 
terials. Published analyses show one of the most bothersome 
constituents to be sodium sulphate. 

Hughes and Voysey® describe in great detail the ash and de- 
posits found on gas-turbine blades and show that sodium is the 
most likely to form harmful deposits. 
various processes by which the ash adheres to the blades and pos- 
sible means of dealing with this problem. 

In connection with possible corrective measures, it is not to be 
overlooked that if the ash constituents are present in the vapor 
phase, their removal by mechanical means such as filtration is 
impractical. 


They also discuss the 


kK. W. Jercer.’ It is indeed true that the C/H ratio is difti- 
cult to obtain by a method of burning the fuel and analyzing the 
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®**The Considerations Dealing With the Formation of Deposits in 
Gas-Turbine Plant,’ by Hughes and Voysey, Journal of the Insti- 
tute of Fuel, April, 1949, p. 197. 

7 Assistant Professor, Department of Mechanical Engineering. 
Iowa State College, Ames, Iowa, Jun. ASME. 
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combustion products. At present there is not available gas- 
analyzing equipment to enable one to make an extremely precise 
exhaust-gas analysis in oil burning. Then, in the calculation of 
the C/H ratio it would have to be assumed that the fuel is com- 
posed of only carbon and hydrogen. Ordinary heavy commercial 
distillates, even if low in sulphur content, rarely have greater 
than a 97 per The 
aniline point and the (UOP) K factor, in fact, both are a measure 
of the paraffinicity of the oil. Hougen and Watson’ have shown 
that the AK factor, avérage boiling point, and API gravity are 
related to the molecular weights of petroleum fractions. In 
general, paraffinic fractions have higher molecular weights than 
aromatic fractions with corresponding lower K factors, at approxi- 
mately the same average boiling point. also 
given between the hydrogen content and the AK factor plus one 
other property. It seems that the C/H ratio with the molecular 
weight would indicate the general structure of the 
compound. 

The 50 per cent distillation temperature should only be used 
as the average boiling point for petroleum fractions of the same 
crude. A mixture of different-gravity distillates will exhibit a 
wide boiling range. 

The writer takes exception to the correlation cited between 
Diesel index and cetane number. While the aniline point’ cor- 
relates well with the cetane number, the usual differences in, API 
gravity for fuels taken from the same crude destroys a good cor- 


cent combined carbon-hydrogen content. 


A correlation is 


chemical 


relation between the Diesel index and cetane number. 

One property the author didn’t mention that may have a bear- 
ing on the combustion-chamber design, from a combustion time 
standpoint, The heat of vaporiza- 
tion has also been empirically related to API gravity and boiling 
point, and can of course be calculated with the classical Clapey- 
ron equation. 

In regard to the mention of pre shéating fuel. oil supplied to a 
it has been the writer’s experience that the preheat 
The 
optimum viscosity seems to be a matter of droplet size, and is 
best found by experiment. Preheating a heavy residual No. 6 
fuel oil to approximately 180 to 190 F seems to give the best 
results. 


is the heat of vaporization. 


burner; 
temperature should correspond ‘to an optimum viscosity. 


AuTHORS’ CLOSURE 


From the limited experimental and ‘operational data available, 


8 “Chemical Process Principles,”’ Part 1, 


by Hougen and Watson, 
New York, N. Y 
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the fuel problems associated with the use of residual fuels in gas 
turbines are by no means clear cut. Both railroads and mer- 
chant vessels, which are substantial consumers of residual fuels, 
have not suffered incompatibility difficulties though their fueling 
points cover a wide geographic area, The insistence of the Navy 
Department on a compatibility specifitation for its boiler fuels 
is probably based on the much greater area its vessels would be 
expected to cover as well as the necessity for minimizing operating 
difficulties however remote their possibility. Consequently, 
very few instances of incompatibility are anticipated in the utiliza- 
tion of residual fuel oils in gas turbines. 

Hughes and Voysey in some commendable experiments did 
show that certain elements in fuel oils contribute more to turbine 
deposits than others. In their work with a 500-hp experimental 
gas turbine, deposit formation on the turbine blading was found 
to be progressive. Other turbine users, however, found ‘that 


“some deposits reached a maximum thickness and then remained 


constant indicating that operating conditions and turbine design 
were factors related to this phenomenon. The recent work of 
Buckland and Barkey on a 4800-hp commercial gas-turbine unit 
apparently did not lead into any deposit problems in the turbine 
even though residual fuels of varying ash contents were used. 
Corrosion, however, was encountered with a high-ash fuel con- 
taining vanadium. It is evident that more operating data on 
industrial gas turbines are needed to evaluate the effects of ash. 

It is difficult to follow Jerger’s contention that the 50 per cent 
distillation temperature should be used as the average boiling 
point only for petroleum fractions of the same crude. The 

H ratio correlations cited in the paper were developed from a 
series of 22 distillate fuels covering different crude oils and 
different refinery proe essing methods. The average deviation of 
estimated from actual C/H ratio was found to be 0.89 per cent 
and the maximum deviation was 3.27 per cent. 

The aniline point of Diesel-fuels has not been found to correlate 
well with the cetane number. An estimation procedure utilizing 
only the 50 per cent boiling point and the API gravity® of a fuel 
has been found to give acceptable estimates of Cetane numbers 
for most fuels. The Diesel index correlation was presented 
because of its use as an alternate to the cetane-number require- 
ment in a number of specifications. ‘ 


**The Correlation of Cetane- Number With Other Physical 
Properties of Diesel Fuels.’’ Report by the Diesel Index Panel of 
Standardization Subcommittee No. 4, Gas Diese! & Fuek Oils, Journal 
of the Institute of Petroleum, vol. 30, 1944, p. 193. 
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Combination ot He 


By F. H. 


A superposition method is proposed whereby the tem- 
perature pattern arourid a single buried heat source at a 
given temperature is used to arrive at the pattern obtained 
when several heat sources at the same temperature are 
placed at any distance apart. An equation is derived to 


give the “‘strength ratio,’’ which is defined as the ratio 


sat Sources 


by the Method of Superposition 


BRIDGERS,? LOS ALAMOS, NEW MEXICO 


s and ¢ Sinks 


air temperature on heating side of slab 

average surface temperature of surroundings on 
heating side of slab 

t, = effective temperature of environment on nonheat- 

ing side of slab 


a = constant defined by Equation [la] 
of heat dissipated by one of a series of buried heat sources 8 = constant defined by Equation [If] 
of equal temperature to the heat dissipated by a single y = constant defined by Equation [17] 
heat source at the same temperature. This equation is 4 = constant defined by Equation [1] 
plotted for a specific case to show the ‘“‘strength ratio’’ @ = temperature potential (point temperature minus 
as a function of heat-source spacing. Experimental sink temperature ) 
temperature-distribution patterns around a heated tube 4, 0, 0 = temperature potentials due to a particular line 
buried in a box of sand are shown for the center tube of a source or sink 
group of three tubes. Although the proposed super- é, = temperature potential due to a Combination of line 
position method is subject to an inherent error, which sources or sinks 
may be. severe at véry close spacing of heat sources, the n = “strength ratio” defined as ratio of heat dissipated 
agreement between experimental and calculated results by one of a series of buried heat sources of equal 
for the cases investigated in this work is good. r temperature to heat dissipated by a single heat 
; source at same temperature 
NOMENCLATURE = mathematical constant, = 3.14159... 
The following nomenclature is used in the paper: | V(r, y) = mathematical function defined by Equation {le} 
A = distance from center of tube to “near” surface of (0, -B) = constant defined by Equation [1h] 
(r,0) = constant defined by Equation [Iq] 
‘a INTRODUCTION 
. The solution of heat-transfer problems involving the two- 
a = distance from center of tube to near surface in dimensional steady flow of heat from a single heat source in a solid 
actual slab _ ; medium has been proposed by Carslaw (1)* and others (2, 3). 
dian distance ann quater of tbe te “tar, surince of The various solutions are exact only when the boundaries of the 
equivalent slab; BDA solid mediums are isothermal sinks. For the case where the 
(enter boundary of the solid medium is not isothermal, such as a pipe or 
- ff =* combined radiation-convection heat-transfer co- cable buried in a wall, the solution is greatly complicated because 
efficient of the complexity of ,establishing exact boundary conditions. 
f(x,y) = mathematical function defined by Equation [1d] Schofield (4) has shown that approximate solutions of such prob- 
f (x, 2A-y) = mathematical function defined by Equation [le] lems are possible by establishing simplified approximate boundary 
k = thermal conductivity, ; conditions. If there exists, instead of a single heat source, a series 
k, = thermal conductivity of equivalent slab of heat sources at the same temperature buried in a slab, the 
= natural logarithm mathematics of the problem becomes much more involved. This 
work will deal principally with the approximate solution of the 
ie distance from line source or sink : type of problems where a series of cylindrical heat sources at the 
ro = radius of cylindrical heat source 


ri, Ts, Ta, 's = distances from a particular line source or sink 


= 
= 


! Based on a Master's Thesis, 1948, School of Mechanical Engineer- 
ing, Purdue University. 

2? Engineer, Charles 3. 
Philadelphia, Pa. 

Contributed by the Heat Transfer ‘Division and presented at the 
Fall Meeting, Erie, Pa., September 28-30, 1949, of Toe American 
Society oF MecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be under- 
stood as individual expressions of their authors and not those of the 
Society. Paper No. 49-—-F-13. 


temperature of a point in a slab 
temperature of tube surface 
effective temperature of environment on heating 


side of slab; approximately equal to 


Leopold, Consulting Engineering Firm, 


same temperature are buried in a solid medium. <A practical ex- 
ample of such a case would be that of a floor-heating panel having 
hot water pipes buried in conerete. The boundary of the solid 
(panel surface) for the case considered will not be an isothermal 
sink, but will have a surface temperature distribution being 
governed by the balance at each point of the heat conducted to 
the surface from heat sources and that transferred from the sur- 
face by convection and radiation. 

_ Vanderweil (5) has derived an equation to give the two-dimen- 
sional temperature distribution in a slab containing equally 
spaced heated tubes at the same temperature. His equation 
holds only when the tubes are located very near to one of the 
bounding surfaces of the slab, so that the percentage of heat flow 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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through the opposite surface is small compared to that through’ 


the near surface. 

He established simplified boundary conditions by —_7 ing the 
actual slab, including the convection-radiation heat-transfer film, 
with a slab of equivalent thickness of a common conductivity, 
Fig. 1. His final equation is a complex function of nine variables 
expressed in the form 


ty = wf(z,y) + By +4 


where 


— + — to)). 


= (A + 0) — — B) 
Wx, y) = f(x,y) —f(z, 2A — y) 
S(z,y) = | sins = cosh? cos? sinh? 


d 


+ cos? 


1 
f(z, 24 —y) = 3 


(2A — 


sinh? x 


p= [¥(r0,0)(t, —to) + — BY(t,, —t,)]..... 


cosh? —— 
d 


1 
= In si os ] sin? 
(ro, 0) n sin 2 n q 


+ cos? (lg] 


sinh? 


¥ (0, — B) = Insin = —In sinh : 1h] 


(2A + B) 


[Ay(ro, 0)to + By(ro, 0)t, — — B)t,. . . [li] 
The origin of the z, y-co-ordinates is taken as the intersection of 
the horizontal and the vertical center lines of a tube. This equa- 
tion is applicable only when the distance B, from the center of the 
tubes to the far surface is equal to or greater than the distance d 
between tubes, Fig. 1. 
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It is obvious that the foregoing equation would be tedious to 
apply to a given problem, The method proposed in this paper 
provides a simpler solution to'this same type of problem. 

The purpose of this work is to investigate the- possibility of 
adapting the principles of superposition for solutions of Laplace’s 
equation to the case of heat flow from a tube embedded in a slab. 
These principles of superposition are we!l known in various fields 
of scientific work, such as hydrodynamics, electrostatics, and 
transmission-line theory. In the field of heat transfer by conduc- 
tion the steady-state temperature potential 6, satisfies the Laplace 
equation for two-dimensional heat flow in a region where no leat 
is generated or stored, and can be expressed as 


The analytic function of a complex variable and its real and 
imaginary parts are functions, respectively, of equipotentials and 
constant-flow lines (6). Potential fields can be combined by sim- 
ply adding the potentials of the individual fields (7): Such a pro- 
cedure for combining thermal potential fields (isothermals) is the 
subject of this investigation. By using the isothermals from a 
single buried tube, one can arrive at the combined pattern of iso- 
thermais that would be obtained for the case of a series of tubes at 
the same temperature. F 


ADAPTATION OF SUPERPOSITION FoR COMBINING 
Sovrces 


The temperature-potential funetion of a line source in an in- 
finite slab, bounded on one side by an isothermal plane, can be de- 
termined by the method of conformal transformation so that the 
Laplace equation is satisfied (4). This function has been found to 
be 


Applying the procedure of combining potential fields by simply 
adding the potentials of the individual fields, the temperature 
potential at a point P in a slab with two sources, Fig. 2, would 
be 


4 This equation has been more directly derived by Boelter and co- 
workers (6). 
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6, =% +4 = Jn — 
[4] 
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6, = In 
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If the isothermal at ro represents the surface of a pipe with con- 
stant water temperature, the temperature potential at P will re- 
main constant at 6 regardless of how close line source B ap- 


_---7-!MAGES, HEAT SINKS ---- ~~ 


ISOTHERMAL SURFACE 
OF INFINITE SLAB-. 


~ HEAT SOURCES (PIPES) ----~~~ | 


Fic. 2 Comprination or Two Heat Sources in AN INFINITE SLAB 


proaches source A; therefore Equation [4] does not hold. It is 
forseeable that the strength, g (B hr~! ft~! of length), of each indi- 
vidual source, when combined with other sources in the solid at 
the same temperature will be less than the strength of the indi- 
vidual source alone in the solid. In other words, if two pipes at 
the same temperature were placed close together in a solid, each 
individual pipe would dissipate less heat than if one of the pipes 
were alone at the same temperature. Therefore, by fixing the 
temperature potential at ro, for the case of two sources close to one 
another, Equation .[4] should be written in the form 


where » is the “strength ratio,’ defined as the ratio of heat dissi- 

pated by one of the two tubes when together, to that dissipated by 

the same tube when by itself and at the same temperature. 
Solving for » in Equation [5] 


Solving for g in Equation [4] and substituting in Equation [6], we 
obtain 


+ 
In Equation [7], % is fixed as the difference between the tempera- 
ture of the source and the temperature of the sink, while 6, is 


evaluated by means of Equation [3]. Equation [3] is given in 
-terms of x, y-co-ordinates by Boelter and coworkers (6). Equation 
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[7] provides a good approximation for the change in strength 
q (B hr ft of length) of two pipes as a function of their distance 
apart in a slab. For the limiting case of two pipes when the dis- 
tance apart approaches zero, 7 will approach 0.5, as would be ex- 
pected for equal temperature pipes. As the distance apart in- 
creases, n will approach 1.0. The foregoing treatment is not limited 
to two pipes but could be applied to a series of pipes, and the de- 
“crease in strength of a single pipe could be similarly computed 
In applying the analytical treatment to an air-cooled slab 
with a series of embedded tubes, only an approximate solu- 
tion can be obtained because of the complexity of establishing true 
boundary conditions. Equation [3], which was used to obtain 
Equation [7], holds only when the slab is bounded by an iso- 
thermal plane. Such is not the case for a finite slab with em- 
bedded tubes, but rather there is a definite surface-temperature 
gradient between the adjacent tubes. Vanderweil proposed 
approximate boundary condition in developing his theoretical 
equation which we may employ in the analytical approach of this 
treatment. He considered the actual slab, including the com- 
bined surface radiation-convection film, to be replaced by an 
equivalent slab of constant conductivity, which has the same re- 
sistance to heat flow as the actual slab. Such an equivalent slab 
is shown in Fig. 1 where the heat flow through the back side of 
the slab is neglected. If we assume the strength of three sources 
to remain unchanged upon combining, the temperature at point P, 
Fig. 1, would be 


q T2 


The strength ratio for the center tube can be obtained in the 
same manner as used to obtain Equation [7] 


= 


For an infinite number of equally spaced tubes the temperature 
potential at any point in the slab will be 


E + In = + In = 
T2 


where rz, r4, 76 are the distances from the sources to the point, and 
r), Ts, and rs are the distances from the imaginary sinks to the 
point. 

Fig. 3 shows a plot of the strength ratio versus tube spacing for 
the center pipe of a three-pipe combination at a 2-in. depth of 
burial insand. The values for this plot were obtained by consider- 
ing only three pipes and using Equations [8] and [9]. It is note- 
worthy that this curve will hold theoretically for any source tem- 
perature when employing Equations [8] and [9], provided bound- 
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wry conditions are assumed to remain constant. Whether or not 
the curve will be valid for 4 wide temperature range in actual 
practice is a matter of experimental confirmation. In an actual 
slab where there is a series of tubes, it is obvious that when the 
pipes are spaced closely, there will be more than two pipes which 
will affect the potential @,,, and therefore the 
strength ratio. In any arrangement of a series of sources, one 


température 


must take into account the effect of all those sources which in- 
fluence the potential 6,, Fig. 1. 

It should also be mentioned that the smaller the depth of tube 
burial and the closer the tube spacing, the greiter will be the 
error introduced by using this niethod based on line sources and 
sinks. In using the treatment based on line sources, the assump- 
tion was made that the isothermal at a distance ro (through point 
P, Fig. 1), from the source is circular and therefore represents the 
pipe surface. The isothermal through point P will not remain 
circular as two sources come close together, or as the distance to 
distorted. The 
greater the distortion, the greater will be the error introduced. 


. the surface becomes small, but will become 

An illustrated solution of the foregoing treatment is given in 
Fig. 4. This figure shows a method of using the ‘temperature 
gradient along the horizontal center liné from a single buried tube 
to obtain the gradient that would occur along the horizontal cen- 
ter line for a three-tube combination. For example, the resulting 


temperature potential at point P is given by 


where 


6, = na 94, + ny On, + ne Oy 


TRANSACTIONS 


‘APRIL, 1950 


OF THE ASME 


Temperature potentials 94, 9%, 9%, O4,, and Ac, are 
shown in Fig. 4. The resulting gradient along the horizontal 
center line connecting the three tubes is obtained by adding the 
potentials at a number of points as-just shown. In this way, the 
temperature-distribution pattern of a single tube is used to obtain 
the temperature. pattern of a combination of tubes for any. par- 
ticular tube spacing. If the éxperimental temperature gradients 
from the single tube are used in applying the illustrated super- 
position method, the results should be more accurate than the re- 
sults obtained from an analytical solution where boundary con- 
ditions are approximated. 
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EXPERIMENTAL HQUIPMENT AND PROCEDURE 


The experimental phase of this work consisted in obtaining data 
on.the temperature-distribution patterns around single and 
multiple buried tubes, in order that the proposed superposition 
method could be checked. Temperature patterns were obtained , 
for the following conditions: 4 

1 Single tube as the only heat source in the solid. 

2 The tube combined with either one or two other heat sources 
(tubes at the name temperature at a distance of 6 in. from centers). 
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3 In both of these cases, three depths of burial were used, 
namely, '/»in., in., and 2 in. 

The experimental equipment used to obtain the temperature 
pattern around the buried tubes consisted of a box containing 
three °/.-in-OD copper tubes buried in sand at various depths. 
Copper-constantan thermocouples were installed in radial 
pattern around‘the middle tube at the center cross section of the 
Fig. 5 shows the typical arrangement of the thermocouple 


slab. 
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WING Sian Unper Test 


for the l-in. depth of tube burial. The thermocouples indicating 


. the tube temperature were soldered on top of each tube. All 


thermocouple leads were brought out parallel to the tubes. Fig. 6 
shows the box containing the tubes and thermocouples before the 
sand was poured. The thermocouple leads were held in place by 
four '/4-in. plywood boards which had small holes drilled to 
accommodate the Fig. 6. Dry which had 


sifted through a 16-mesh screen was poured into the center section, 


leads, sand been 
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care being taken to prevent movement of the thermocouples. 
The sand was not packed, but merely allowed to run freely into 
the box. Expanded vermiculite (loose particle size) was poured 
into the two end sections on each side of the sand to provide in- ; 
sulation to reduce the heat flow in the direction parallel to the 
pipes. Thus the heat flow in the sand slab was essentially two- 
dimensional. Fig. 7 shows the assembled slab with the copper 
tubes buried at a depth of 1 in. Additional thermocouples out- 
side the box were placed as follows: One shielded thermocouple 2 
in. above the sand over the center pipe to record the air tempera- 
ture; two thermocouples between the box and the floor, one 
of which was above and the other below the blanket-type insulation 
which was placed between the box and the floor. 

The thermocouple emf was measured by a semiprecision porta- 
ble potentiometer which could be read accurately to within 0.2 
deg. During all tests the water temperature in the tubes and the 
ambient room air temperature were maintained within approxi- 
mately 1 deg. ; 

Three tests were run for each depth of tube burial fo determine 
the temperature-distribution pattern around the center tube. 
The first test was run with the water directed through the center 
tube only. Immediately after the temperatures were recorded for 
the first test, the valve on one of the outside tubes was opened 
and the water was passed through two tubes for the second 
test. Water was passed through all three tubes for the third test. 
During the equilibrium period, thermocouple readings were re- 
corded along the horizontal center. line. When the temperatures 
at points along this line ceased to change with time, it was as- 
sumed that steady-state conditions existed. The water tempera- 
ture was maintained constant throughout the three tests for each 
depth of tube burial. The air temperature was also constant 
throughout the progress of the tests. After temperatures through- 
out the cross section of the box, and the air and floor temperatures 
were recorded, an exploring thermocouple was used to obtain the 
surface temperature of the surrounding walls and ceiling. 


Discussion OF RESULTS AND CONCLUSIONS 


The results are summarized in Table 1, and Figs. 8, 9, and 10, 
which show a comparison between experimental temperatures, 
the temperatures obtained by using the superposition method and . 


TABLE 1 COMPARISON OF POINT TEMPERATU 
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temperatures computed by the Equation [1] proposed by V ander- 
weil. 

‘In applying the superposition a the temperature poten- 
tial at any point in the slab was taken as the difference between 
the temperature at a given point and the “sink” (ambient) tem- 
perature. The true sink temperature would be difficult to ob- 


‘tain as it would depend on_the following temperatures: ; 


1 The true mean radiant temperature of the slab surface, 
which would be a function of the shape factor of the slab with 
respect to each of the surrounding room walls. 

2 The room air temperature. 

3 The temperature of the floor under the test hex, 


The true sink temperature would be a weighted average of the 
foregoing temperatures, proportioned according to the per cent 
of heat dissipated from the test box by radiation, convection, and 
conduction (through the bottom). A simplifying assumption was 
made in applying the superposition method by considering the 
sink temperature equal to either the air temperature ‘or the 
average of the air temperature and surrounding surface tempera- 
tures, which in most cases would differ from the true sink tempera- 
ture by less than 2 or 3 deg F, using the air temperature alone as 
the sink temperature might cause an appreciable error ir some 
cases. Table 1 shows a comparison of point temperatures ob- 


tained by the superposition method in which both the air tempera- - 


ture and the average of the air and surrounding surfaces were. 
used as the sink temperature. . 

The superposition-point temperatures are also compared with 
experimental values and point temperatures calculated using 
Vanderweil’s theoretical equation (see Table 1). Vanderweil 
recommends that in applying his equation for calculating the 
minimum panel-surface temperature (midway between tubes) 


that the equivalent depth of the tube burial be multiplied by an’. 


experjmentally determined correction factor; this correction 
factor would compensate for the increase in the equivalent bound- 
ary layer at that point due to a smaller temperature difference 
between the air and panel surface. In computing the tempera- 
tures shown in Table 1, this correction factor. was not used, which 


might account partly for the deviation of surface temperatures ° 


calculated by this method compared with the experimental data. 


RES OBTAINED BY EXPERIMENTAL, SUPER- 


POSITION, AND VANDERWEIL METHODS 
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Comparison or ExpertMenTaL GRADIENTS WiTH GRADIENTS 
OBTAINED BY SuPERPOSITION MreTHOD AND VANDERWEIL Equation 


Fig. 8 shows a comparison of the experimental temperature 
gradients along the surface and horizontal center line between 
tubes, compared with those obtained by the superposition and the 
Vanderweil method. The average of the air and surrounding 
surface temperatures was taken as the sink temperature. 

Fig. 9 shows a comparison of the temperature-distribution pat- 
terns around the center tube of a three-tube arrangement ob- 
tained by the experimental, superposition, and Vanderweil 
methods. The average of the ambient air and surrounding sur- 
face temperatures was taken as the sink temperatyre for the 
superposition method. : 

Fig. 10 shows the same isothermal patterns that are shown in 
Fig. 9, superimposed on each other so as to give a more direct 
comparison. It is seen that the agreement is very good between 
the three methods above the horizontal center line of the tube. 
Below the horizontal center line, the experimental isothermals fall 
about half way between those determined by the superposition and 
Vanderweil methods. The deviation of the 
method from the experimental might be partly explained by ex- 
perimental difficulties.* The floor temperature under the test box 
could not be controlled and varied as much as 4 or 5 deg F. 
Therefore the true sink temperature for the experimental case, 
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and the sink temperature used in applying the method were dif- 


. ferent. This caused a change in temperature potentials for points 


below the tube, and thus resulted in a deviation between the ex- 
perimental and superposition isothermal patterns. 

Results presented here are for the l-in. depth of tube burial 
only. For the '/;-in. and 2-in. depths of burial the results of the 
superposition and Vanderweil methods deviated from the experi- 


A "2 ile CAA ii2 = 
— 
t 
= 
A 107 : 
= 
><. - 
J 
| 


348 TRANSACTIONS 
mental results by about the same amount as for the case of the !- 
in. depth of burial. : 

The results obtained here by using the superposition method 
cannot be taken as conclusive validation of this method, even 
though there is reasonably good agreement with the experimental 
data. It should be remembered that only one tube spacing (6 in.), 
one type of material (sand), and one value of temperature dif- 
ference between water in the tube and air (approximately 37 deg 
F) were investigated. On the basi§ of the results for the par- 
ticular case considered, it can be concluded, however, that both 
the superposition and the Vanderweil methods may be used to 
give x good approximation of the temperature-dist ribution pat- 
tern around one of a series of embedded tubes. ‘ 

Equation [7], which has been derived to give the strength 
ratio, may have application in many heat-transfer problems 
such as the spacing of tubes in a heating or cooling panel, the 
arrangement of tubes for ground coils used in conjunction with 


the “heat-pump” and many similar applications. 
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Discussion 
The author should be commended for his 
To the best of the writer's 
knowledge, this is the first time that the well-known theory of 
superposition has been adapted to the field of heat transfer, using 
a simple technique. It is thought that this semianalytical, semi- 
empirical method would be inherently better than a purely 
analytical approach on the equivalent convection radiation co- 
efficient, because the author makes use of the experimental 


interesting and useful contribution. 


gradient for a single tube as the basis of his solution to obtain the 
surface temperature distribution for a series of tubes. This experi- 
mental gradient does take into account the exact influence of 
(h, + h,). 

Of course it should be kept in mind that this method does have 
limitations as set forth in the paper. ‘ 

Further experimental work of broader scope would be « more 
conclusive check on the method presented in this paper. 


* Assistant Professor of Mechanical Engineering, Mechanical Engi- 
neering School, Purdue University, Lafayette, Ind. Jun. ASME. 
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The Coal-Hydrogenation Demonstration 


Plant at Loutsiana, Mo. 


By J. A. MARKOVITS,'! LOUISIANA, MO. 


The 200 to 300-bbl per day capacity demonstration 
plant hydrogenates coal at 700 atm pressure in two stages. 
First, coal paste is liquefied with finely divided iron cata- 
lyst at 525 atm hydrogen partial pressure, then the middle 
oil distillate is further hydrogenated in the vapor phase 
on fixed catalyst beds. The hydrogen is made by cata- 


‘lytic reforming of natural gas with steam. 


INTRODUCTION 

ACKGROUND information on the national liquid-fuel situa- 
B tion and status of the American synthetic-fuel research has 

already been presented by Dr. Schroeder.?. The report 
mentioned Bureau of Mines demonstration-plant activities at 
Louisiana, Mo. Two plants were erected adjacent to the 
government-owned synthetic-ammonia plant: A 200 to 300-bb! 
per day capacity coal-hydrogenation plant and an 80 to 100- 
bbl per day capacity gas-synthesis plant. 

The gas-synthesis plant will not be discussed in this presenta- 

on. For general orientation it may be mentioned that, when 

ympleted, it will produce synthetic fuels by the Fischer-Tropsch 
mthesis method from hydrogen and carbon-monoxide mixtures 

‘rived from gasification of pulverized coal with oxygen and 

iperheated steathn. Major component parts of this installation 

‘e the 1-ton per hr capacity Linde-Frankl oxygen plant, the 

ulverized-coal gasification plant, the gas-purification plant, the 
Fischer-Tropsch synthesis plant, and the product-recovery unit or 

finery. The total plant construction is nearing completion, but 
he component parts were started up-as soon as progress of the 
mstruction made it possible. The oxygen plant started pro- 

ucing 98 per cent pure tonnage oxygen as early as January, 1949, 

nd pulverized coal was gasified in the plant with oxygen and 

iperheated steam in May. Operation of the integrated plant is 

iticipated in 1950. 

The coal-hydrogenation-plant construction was completed in 
January, 1949, but partial test runs were under way by Nov- 
ember, 1948. The plant produced the first synthetic liquid fuels 

om lignite derivatives in April, 1949. In this presentation the 
process will be described as it is practiced in the demonstration 
plant. Details of conventional procedures will have to be omitted 
for brevity. 

The plant was designed and built by the Bechtel Corporation of 
San Francisco, Calif., under technical direction and supervision of 
the Bureau of Mines. In the plant, 10,000 psi oprating pres- 
sures are combined With temperatures up to 1000 F, and the ma- 
terials to be processed at these conditions range from gases to 
mixtures of viscous liquids containing high percentages of abra- 
ive solid particles. These service conditions presented many un- 
1 Assistant Chief, Coal-to-Oil Demonstration Branch, Office of 
Synthetic Liquid Fuels, Bureau of Mines. 

2 “Synthetic Liquid Fuels in the United States,”” by W. C. Schroe- 
der," Mechanical Engineering, vol. 69, 1947, pp. 989-995. 

Contributed by the Petroleum Division and presented at the 
Petroleum Mechanical Engineering Conference, Oklahoma City, 
Okla., October 2—5, 1949, of Tue AMERICAN SocreTy OF MECHANICAL 
ENGINEERS. 

Norte: Statements and opinions advanced in papers are to be 
inderstood as individual expressions of their authors-and not those 

f the Society. Paper No. 49-——-PET-3. 


usual engineering problems. Coal has been hydrogenated in 
Germany on a rather extensive scale for the past 20 years, but the 
process was new in the United States. Few items were commer- 
cially available for the chosen process. Where there was a choice 
between importing equipment from Germany or building it here, 
the latter was dohe. It was the hard way, but it was considered 
desirable to acquire design “know-how” and to give American 
manufacturers an idea of the basic requirements for the design of 
future commercial-size plants. Within the limitations of the proj- 
ect the equipment was chosen and sized so that the results of 
operations would be representative of those expected in modern 
full-scale hydrogenation plants. 
Tue Process : 

Coal and petroleum differ in appearance but are similar in 
chemical composition. The main constituents of both are carbon 
and hydrogen, although the carbon:hydrogen ratio, the arrange- 
ment Of the atoms in the molecule, and the molecular weights are 
different. In addition, coal containS’ more oxygen, nitrogen, 
sulphur, and mineral impurities or ash. To convert coal into 
gasoline the carbon and hydrogen atoms have to be rearranged, 
the hydrogen:carbon ratio must be approximately doubled, and 

the ash has to be removed. : 

In the demonstration plant all this is done at the 700-atm pres- 
sure level and in two stages. In liquid-phase hydrogenation a 
pulverized coal-oil paste is liquefied with hydrogen at elevated 
temperatures in the presence of a finely divided catalyst, such as 
iron oxide. In the vapor phase the middle-oil cut of the liquefied 
coal, which boils below 625 F, is converted into gasoline and by- 
products with hydrogen over a solid bed of catalyst containing 
tungsten or molybdenum. Fig. 1 is a simplified flow diagram and 
shows the two main steps in proper relation to the necessary 
auxiliary operations, 

The raw coal is first crushed to minus */;-in. size, then pulver- 
.ized to minus 60 mesh in a ball mill and dried to 1 or 2 per cent 
moisture content by a gas-fired recirculating drier. The pul- 
verized coal is mixed with.a small quantity of catalyst, such as 
iron oxide or tin oxalate and with heavy oil, previously obtained 

from the liquid-phase process into a paste, containing approxi- 
mately 47 per cent solids. . 

The viscous paste is injected into the paste preheater by steam- 
driven plunger pumps working at 10,000 psi. The preheater is of 
modified radiant type, in which the high-pressure tubing is pro- 
tected by a superheated-steam jacket. Before the paste enters 
the preheater, a small volume of hydrogen is injected to reduce 
the viscosity. The mixture is then heated in the first section to 
about 570 F. At this stage, additional hot hydrogen and recycle 
hreavy oil are added to jump the temperature to the 640 F level, 
circumventing coal-swelling difficulties that would occur around 
600 F. After passing through the remainder of the preheater, the 
mixture leaves at about 815 F and passes into the first of two con- 
verters. For 95 per cent conversion of the coal to liquid and 
gaseous products, the residence time is approximately 1 hr. The 
reaction is highly exothermic, and to maintain the reaction tem- 
perature at 930 F, cooling hydrogen is added to the converters in 
controlled amounts at different points. 

. After the second converter, the reacted products enter the 
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* where the hydrogen and light ends separate fram 
the solid-containing heavy-oil fraction. “Letting down” the 
heavy oil to near atmospheric pressure is the next step. This is 
extremely difficult, because the hot liquid contains large quanti- 
ties of absorbed gases and up to 30 per cent of abrasive solids. 
The heavy-oil letdown valve, therefore, is considered one of the 


critical pieces of equipment and will be described in detail in a , 


companion paper. 

Two methods are provided for removing ash, catalyst, and un- 
reacted coal from the heavy-oil letdown (HOLD). The first is a 
flash distillation unit (see Fig. 2), consisting mainly of a gas-fired 
heater for superheating steam to 1100 F, and a flash tower with 
high-velocity nozzles for instantaneous mixing of the hot steam 


and HOLD. The resulting miixture is quenched with saturated ° 


steam to prevent coking in the flash tower, which is 5 ft diam and 
15 ft in height. Residue is withdrawn by steam-driven pumps 
and injected into a water-spray chamber for quenching. It is ex- 
pected that the pitch will be hard and suitable for fuel; if not, 
other methods will be studied for the utilization of this waste 
product. The vapors from the flash tower pass to’a quench tower 
and are cooled with oil of controlled temperature, to prevent con- 
gealing in the vessel. The recovered heavy oil is used in the 
pasting-oil cycle. . 

The alternate method consists of a Bird and a Sharples cen- 
trifuge, with facilities for blending and diluting the feed as well.as 
for temperature control on the inlet and jacketed drums and for 
‘collecting the filtrate and residue. The filtrate is used in the 
pasting-oil cycle and the residue burned or otherwise disposed 
of. 

The gases and vapors leaving the top of the hdt catchpot are 
cooled in a heat-exchanger and water-cooler system from about 


850 F to 150 F, and the condensed liquid and vapor are separated 
in the “cold catchpot.”” The gas from the cold catchpot, contain- 
mg about 70 per cent hydrogen, is washed with water at full 
operating pressure for the removal of NH, H.S, and water- 
soluble salts and is scrubbed with oil obtained in the liquid-phase 
distillation unit to separate the light hydrocarbons. After this 
purification, the hydrogen stream is recycled through the system 
with fresh make-up hydrogen., The liquid products from the cold 
catchpot and from the wash-oil serubber go through let-down 
systems, where the pressure is reduced in two steps, first to 25 and 
then to 7 atm, and are then charged to the liquid-phase distilla-. 
tion unit. This two-step letdown facilitates economical Separa- 
tion of the C; and C, rich tail gases from the liquefied petroleum 
gases. 

The bottoms from the liquid-phase distillation unit join the 
pasting-oil stream. Gasoline, naphtha, and middle-oil cuts are 
separated ta establish weight relations and to prepare, by blend- 
ing, after the separation of the washing oil, a feed stock of uniform 


“composition for the vapor-phase hydrogenation. This stock is 


combined with a nearly equal amount of vapor-phase recycle 
middle oil and saturated with H.S or with sulphur for the vapor- 
phase-hydrogenation step. The addition of some form of sul- 
phur is necessary to preserve the activity of the vapor-phase 
catalyst. 

The vapor-phase injection pumps, working at 10,000 psi, feed 
the charge, to which hydrogen is added, through a feed-product 
exchanger and a radiant-type vapor-phase preheater. The 
stream leaves the preheater at around .850 F completely vapor- 
ized. This vapor enters a single converter containing six fixed- 
catalyst beds. The catalyst is fuller’s earth, treated with hydro- 
fluoric acid and impregnatéd with compounds of zine, molyb- 
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denum, chromium, and sulphur. The catalyst is very rugged and 
at 700 atm performs the triple duty of the former German satura- 
tion, splitting, and dehydrogenation eperations. The reaction is 
quite sensitive to temperature variations, and recirculated cool- 
ing hydrogen is added at every catalyst bed to keep the tempera- 
ture betweey the 912 and 930 F operating limits. After the 
reaction is balanced, the feed-product exchanger provides most 
of the heat necessary, and the duty of the preheater becomes 
negligible. 

The products then pass through a cooler and a cold catchpot, 
where the condensed oil and hydrogen are separated. 
hydrogen is returned to the circulating compressors, and the 
liquid passes through a two-step letdown system to the vapor- 
phase distillation unit. The primary purpose of this unit is to 
separate the finished product from the recycle oil. Since conver- 
sion in the vapor-phase hydrogenation unit generally varies 
between 40 and 60 per cent, the distillation unit makes about 40 
to 60 per cent bottoms, which are recirculated to the vapor-phase 
hydrogenation system; 10-Ib 
RVP gasoline, washed with caustic and water, and sent to final 
storage. Tail gases pass through an absorber before being used 
for fuel. Ammonia, CO,, and H.S liquors are treated with 
sulphuric acid before going to the sewer, and the recovered H.S 
is utilized to saturate the vapor-phase charge. 

Make-up hydrogen of about 11 per eent by weight of the 
moisture- and ash-free coal is furnished from the former Missouri 
Ordnance ‘Works’ natural-gas reformer, scrubber, and compressor 
system. Here natural gas is cracked with steam at 1700 F, and 
the resulting He and CO are shifted with more steam at 800 F to 
Hy; and-CO,. The mixture is stored in a 300,000-cu-ft gas holder 
and compressed through three stages of a 7-stage 210,000-cu-ft 
per hr capacity compressor to 450 psi (see Fig. 3), at which pres- 


the overhead -is stabilized to a 
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sure the CO, is scrubbed out with water. After the 7th stage, 
around 11,000 psi, the remaining CO is changed by catalytic 
reaction into methane and water. The resulting 95 per cent 
pure hydrogen is ready for injection into the gas-circulating 
system. 

The recirculating compressors shown in Fig. 4 provide the large 
excess of hydrogen necessary to keep the partial pressure of the 
system at 525 atm. Approximately 250 standard cu ft of reeyele 
gas is circulated for each gallon of paste. The reaction is highly 
exothermic, and the circulating gas must be kept cold for tempera- 
ture control. Failure of the gas-recycle system would result in 
coking up of the converters, runaway temperatures, and disaster. 
So important is this function, that the circulating gas is called 
the “bloodstream of the process.’’ One steam-driven and one 
motor-driven recycle compressor are operated continuously for 
each hydrogenation phase at half load,.so that in case of failure 
of any unit, the other would immediately pick up the whole load. 
The units are single-stage double-acting reciprocating compres- 
sors and are designéd to maintain a pressure differential of 750 psi 
with a 450,000 standard cu ft per hr output.’ 


PLANT EQuIPMENT 


The facilities required to carry out the operations described 
ean be subdivided into the following groups: 


Coal preparation. 8 Vapor-phase hydrogenation. 

Paste preparation. 9 Vapor-phase distillation 

Hydrogen manufacture. 10 Ash removal, 

Hydrogen compression and puri- 11 Heavy-oil blending. 
fication 12 Gas recovery. 

Gas recycle and scrubbing. 13 Storage and transfer. 

Liquid-phase hydrogenation. 14 Instruments. 

Liquid-phase distillation. 15 Auxiliaries 
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Detailed discussion of the foregoing groups will be omitted; 
and only a few comments will be offered, where necessary, to aug- 
ment the process description. Thorough analyses of the more 
difficult coal-hydrogenation-equipment problems Are given in 
companion papers elsewhere in this issue. 

The coal-preparation plant was designed and furnished by 
Roberts & Schaefer Company, Chicago, Ill. It consists of track 
hopper, plate feeder, scraper conveyer, primary crusher, crushed- 
coal storage bin, feeder, gas-swept ball mill, gas-fired flue-gas 
heater, cyclones, fans, and water tumbler. It will pulverize and 
dry 10 tons per hr to 99 per cent minus 60 mesh, 85 per cent plus 
200 mesh, 10 to 2 per cent moisture. Coal washing was elimi- 
nated from the original plans but may be added later if necessary. 

The paste-preparation unit consists of a, pulverized-coal stor- 
age bin, weighing feeder, paste mixer, paste storage tank, and 
facilities for mixing and adding measured quantities of dry or 
wet catalyst. : 

Paste is kept above 210 F and is circulated by Moyno pumps 
past the suction intake-of the high-pressure injection pumps. 


ASME 


CircuLaTING HyproGeN CoMPRESSORS 


Although all lines and containers are steam-jacketed, viscosities 
as high as 1300 centipoises are encountered at this temperature. 
Coal and paste-preparation plants are shown in Fig. 5. 

Hydrogen manufacturing, purification, gas- 
recycle, and scrubbing facilities were described with the »rocess. 
The technique employed and equipment used are adaptations of 
the Hercules Powder Company’s 15,000-psi _ammonia-synthesis 
practice. Make-up compressors and recycle-gas circulators were 
furriished by Ingersoll-Rand. The metallic packings used are 
quite satisfactory for these services. j 

The liquid and vapor-phase hydrogenation units are com- 
pletely new in American industry. The high-pressure vessels, 
prelieaters, exchangers and coolers, tubing, flanging, valves and 
instrumentation are subjects covered by companion papers. 

The severe service conditions of the coal-paste injection pumps 
place them in the critical category. The paste has a viscosity of 
4750 centipoises at the 200 F pumping temperature and 10,300 
psig discharge pressure. The pumps are Union Steam Pump 
Co., 250-lb steam-driven, double-acting, duplex, forged-steel 
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plunger pumps, working at 50 psi suction and 10,300 psi discharge 
pressure. With 24-in. X 2%/,in. bore and 18-in. stroke, capacity 
is 25 gpm at 14.6 rpm, and the developed hydraulic horsepower 
is 150. Application of this time-proved direct pumping method 
is a promising deviation from the oil-driven hydraulic pumps 
used previously. Oil, naphtha, and water-injection pumps are 
similar to the paste-charge pumps, except that the service con- 
ditions are not quite so severe. The heavy-oil recycle pump is a 
*steam-driven plunger-type surge pump. It returns hot bottoms 
to the preheater at 750 F and 10,000 psi pressure. The pump is 
separated from the hot valve block, and cold, clean flushing oil is 
the surge medium. An Aldrich-Groff 40-hp motor-driven, verti- 
cal-triplex, variable-stroke injection pump is used in flushing-oil 
service, mainly to determine its adaptability for this type of work. 
This pump has Teflon packing. The Union Steam pump plunger 
packings were furnished by Garlock and have four Neoprene- 
impregnated chevron rings. The 8-in-deep stuffing box, as well 
as the steam end, is oil-lubricated. It is felt that a lot will have 
to be learned by experience about high-pressure seals at the given 
operating conditions before the problem can be considered solved. 
The most troublesome problem of the ash-removal and heavy- 
oil-blending steps is viscosity and settling of solids. Lines and 
pumps are steam-jacketed; tanks are equipped with heaters and 
mixing devices. An elaborate flushing-oil system is provided for 
these and other parts of the plant to eliminate plugging during 
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The liquid-phase distillation, vapor-phase distillation, gas- 
recovery, and liquor-treatment units are shown in Fig. 6. Gas 
recovery consists essentially of an oil absorber to recover enough 
butane to provide vapor-pressure control in the finished gasoline. 
No provisions are made for total C3, C, recovery, and after ana- 
lyzing the different gas streams most of the LPG will be burned 
with the fuel gas. The stripper serves both the gas-recovery 
rich-oil stream and the high-pressure wash-oil scrubber stream. 
All distillation equipment, such as bubble towers, heating ele- 
ments, pumps, exchangers, instrumentation, ete., are similar to 
conventional low-pressure refinery-type installations. 

Complete storage, transfer, and loading facilities are provided 
to hold and handle 30 days’ production. Steam, plant water, 


natural gas, and electricity are provided from the former Missouri , 


Ordnance Works. The total connected power demand of the plant, 
including hydrogen generation and compression, is less than 4000 
100,000 
Auxiliary facilities include elaborate high- and low- 
pressure flushing-oil. and inert-gas purging systems, a tail-gas 
collecting system, and a vent and emergercy letdown system 
with a burning pit. Fig. 7 shows the coal-hydrogenation unit 
from the converter side. - 


kw. Process and power steam requirement: is about 
lb per hr. 


During'plant construction it was found that neither the aver- 
age American manufacturer nor the construction forces realized 
fully the severity of the service in a coal-hydrogenation plant. 
After the design was completed in painstaking detail and reasona- 
bly severe specifications were drawn, repeated difficulties were 
experienced with their enforcement. The importance of careful 
supervision, inspection, and testing during every step of the fabri- 
cation and installation became evident. Starrdards of excellence, 
applicable up to 2500-psi service conditions, were not necessarily 
good enough for 10,000-psi work.. In numerous instances flaws 
_ in materials and unsatisfactory workmanship were not brought 
to light until after shop tests, or even after delivery to the job 
site. One of the companion presentations discusses these prob- 
lems in detail. 


It became evident at an early stage that the demonstratidn- 


plant program is really fulfilling its main functions. During the 
construction and break-in periods, many process and design im- 
provements were developed. In addition, manufacturers gained 
considerable knowledge in high-pressure design and fabrication 
methods—a long step toward preparing them for building full- 
scale plant equipment. 
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Looking at Open END OF STALL 


OPERATION OF AN INTEGRATED PLANT 


The second phase of the work is under way. It is thé demon-— 
stration of the operation of an integrated plant, producing syn- 
thetic liquid fuels from coal. During this period, operating data 
are collected, analyzed, and interpreted to determine the ‘effects 
of operating variables upon the processes and .products. This 
will point the way to further improvements and refinements. 
More detailed studies will then be made of the economics of the 
process to determine the cost of products and the investment re- 
quired for commercial-scale operations. 2 
Finally, engineers and operators are being trained in the re- 
quired skills of the new industry, and reports will be written for 


- the purpose of disseminating all the technical and economic in- 


formation developed in the demonstration-plant program. 
Thus the road toward an economically sound synthetic-fuel 
industry must lead through the actual construction, opera- 
tion, and improvement of demonstration and commercial-size 


plants. 


CONCLUSION 

In conclusion, it should be mentioned that this paper was pre- 
pared in the spring of 1949. Subsequent .dévelopmeénts in the 
coad-hydrogenation demonstration plant will probably be dis- 
cussed in several publications. It seems advisable though to 
bring the six papers of this symposium up to date with a short 
reference to the two completed hydrogenation runs. 

The first 10,000-psi vapor-phase hydrogenation run in America 
was conducted in April, first using a petroleum-crude charging 
stock, and, thereafter, hydrogenating low-temperature lignite tar 
oil, mainly into gasoline and Diesel fuel. The actual hydrogena- 
tion period lasted 9 days. At the May dedication of the demon- 
stration plants, part of the Diesel oi] produced was used on a 200- 
mile trial run in a Diesel-electric locomotive hauling a loaded 8+car 
passenger train from St. Louis to Louisiana and back. Since 
May all plant passenger ‘autos, trucks and cranes, altogether 55 
vehicles, have been operated on synthetic gasoline made in this 

During the summer all equipment was tested and prepared 
for the next operation. 

The first. liquid-phase hydrogenation break-in run was started 
on October 12, 1949, and terminated on December 2. High- 
temperature coal-tar oil was first circulated through the system 
at reduced temperatures, then hydrogenated. 


On November 25, 
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a paste was introduced containing 25 per cent of Rock Springs, 
Wyoming coal. Hydrogenated products from both charging 
stocks were nearly identical and consisted mainly of naphtha and 
middle oil suitable for vapor-phase hydrogenation stock. 


country, and the work was conducted with inexperienced oper- 
ators in a brand new plant containing untried equipment and 
experimental instruments; hence, the run was considered highly 


successful. All objectives of both the vapor- and liquid-phase 
Hydrogenation at 700 atm was never before attempted in this hydrogenations were achieve 
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sure LV in Coal- 


Hydrogenation Service 


By J. T. DONOVAN, ! M. 


The converters have to be built to resist 10,000 psi pres- 
sure and 1000 F temperature, complicated by hydrogen 
attack and H.S corrosion. The three different designs 
proposed by American manufacturers are compared, and 
the vessels accepted for the plant are described in detail. 
The German spirally wound construction is discussed, 
and its expected advantages are enumerated. 


INTRODUCTION 


RESSURES up to 15,000 psi have been used commercially in 
P he synthesis of anhydrous ammonia and there is evidence of 
igher pressures applied for limited industrial production of 
plastics. These ranges, however, are unusual in American indus- 
‘try. Hydrogenation of coal combines working pressures of 10,300 
psi with temperatures of 1000 F. The steels used must resist af- 
tack by high partial pressures of hydrogen and the corrosive ef- 


fect of 1 per cent by weight of hydrogen sulphide, besides retaining 


adequate strength at elevated temperatures. 

The 200-bbl per day demonstration plant required reaction 
vessels of 32 in. ID X 39 ft 1'/. in. length. The vessels were 
sized te provide adequate residence time, proper space velocity, 
and complete accessibility upon removal of the top and bottom 
heads. To utilize a low-alloy steel it was desirable to keep the 
shell temperature as low as 500 F. This was accomplished by 
providing a 3-in-thick asbestos-cement liner separating the re- 
action space from the shell. 


CoMPARISON OF PrRoposeD DesIGns 


Manufacturers of high-pressure vessels proposed three different 
types of construction for this service.as follows: 


A A laminated wall of perforated carbon-steel plates with a 
12 per cent chrome-alloy liner. 

BA two-layer compound cylinder with a perforated carbon- 
moly jacket over a 3 per cent chrome grooved inner shell. 

C Asimple cylinder or solid wall forging of 3 per cent chrome. 


Table 1 gives a comparison of the salient features of each de- 
sign, and Figs. 1, 2, and 3 show the analysis of wall stresses as 
computed by the Lamé formula, stipulated by the API-ASME 
Code for vessels having wall thickness greater than 10 per cent of 
the inside diameter. 

The laminated construction had many points in its favor, in- 
cluding the low-cost carbon steel, the close control of the wall ma- 
terial (insuring homogeneous construction), elimination of waste 


inherent in forging operations, and uniform stress distribution * 


through the entire wall as shown in Fig. 1. On the other hand, 
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TABLE 1 VESSEL COMPARISONS 


A B 
Wall thickness, in 84/4 
Shell construction. . Forged compound Solid forged 
cylinder 
5-in. innershell- 3% 
3% Cr 6-in. 
jacket-carbon 
moly 


L 
/y-in, plates 
Carbon steel 


Type of steel chrome 


Maximum shell working 
stress, psi 

Ultimate tensile stress, psi 

Yield stress, psi. 

Safety factor (based on ul- 
timate stre 4 

Vessel weight, 312000 

Vessel price 79876 

Price per lb, cents.....-... 25.6 


17940 
75000 
45000 


21460 


the built-up erids, where the solid flange is welded to the laminated 
wail section, gave certain fabrication difficulties that caused un- 
desirable increase in both weight and cost. 

The compound cylinder construction, similar to that used on 
large-caliber gun barrels, was considered an excellent and time- 
proved design for operation at high pressure. However, the close 
machining inherent in this method of fabrication, in addition to 
the '/, in. heavier wall, resulted in the most expensive unit. This: 
design required perforation of the pervious jacket and machining 
of grooves on the outer surface of the inner cylinder to permit the 
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uniform release of the hydrogen, which diffuses through the alloy 
layer. These operations also contributed to the higher costs. 

Referring again to Table 1, it is apparent that the solid-forged 
construction has the most points in its favor—it is lightest and 
lowest in cost; it combines the best physical and noncorrosive 
properties in one material. 
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DEMONSTRATION-PLANT HIGH-PRESSURE VESSELS 


» final design of these units furnished by the Midvale 
any of Philadelphia, Pa., is as fellows: 

Aquid-Phase Converters. These vessels, shown in Fig. 4, are 
alloy-steel forgings, 32 in. ID X 49'/2. in. OD X 39 ft 1*/2 in. 
length, face to face of end flanges, with the ends flanged out to 61 
in. OD. The heads are flat steel forgings, 21'/2 in. thick 57 in. 
diam, provided with the necessary openings for the entry of the 
coal paste and hydrogen, and the exit of the products of reaction. 
There are no openings in the converter shell. The shell steel has 
3 per cent chrome with 0.65 per cent nickel, 0.30 per cent molyb- 
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denum, and 0.25 per cent carbon, an ultimate tensile strength of 
100,000 psi, and an elastic limit of 55,000 psi. 

Past experience has shown that a minimum of 3 per cent chro- 
mium is de sirable toresist penetration of hydrogen and the-corrosive 
effect of H.S at 500 F and 10,000 psi. The other constituents are 
necessary for adequate strength in an 8°/,-in-thtick converter wall, 
where the thickness is based on working unit stress of one fourth 
of thie ultimate tensile strength at the shell temperature as re- 


quired by the API-ASME Code. All vessels were tested hydro- 


statically to 1'/: times the operating pressure. 

The converter heads are subjected to more severe temperature 
conditions; consequently, it was decided to use a slightly higher 
content of the same alloying clefnents, with heat-treatment to 
provide approximately the same physical i ene The head 
steel is 4 to 6 per cent chrome with 1 to 1.25 per cent nickel, ahd 
0.40 to 0.80 per cent molybdenum. The head studs, of which 
there are 12 in each head on a 45'/.-in-diam bolt circle, are 5°/, 
in. diam, of SAE-4340, with an ultimate tensile strength of 120,000 
psi and an elastic limit of 90,000 psi. The stud nuts are of SAE- 
4140, with an ultimate tensile strength of 100,000 psi and an 
elastic limit of 70,000 psi. The shell proper weighs about 80 tons, 
each head about 71/2 tons, and the assembled converter, with in- 
ternals, about 105 tons. ‘ 

In determining the required head thickness the problem was 
approached by assuming a head thickness of 18 in. and substitut- 
ing this value in Roarks’ formulas? for determining tension 
stresses in flat bolted cover plates 


2 
S, = | + (m+ 1)L, —.(m—1) (3) | 


* Roarks’ Formulas for Stress and Strain, p. 188. 
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16.625 in. 


=*8,960,000 lb = total force on head from internal pressure 
18 in. head thickness 
m 3, reciprocal of Poisson’s ratio 


Then 


. 3X 8,960,000 22.75 
S, = 3+41L, 
X 3 X 324 16.625 


16,6252 
—(3— br) 
1X 22.752 


S, = 17,500 psi (without holes) 


This stress was then checked by using the API-ASME Code 
formula stipulated in paragraph W-316. 

In an 18-in-thick head this gives a value of 19,500 psi (without 
holes). 
- The thickness was then analyzed, taking into consideration the 
weakening effect of the large centrally located hole in the head. 

Using formula® 


where 

S, = allowable tensile stress at outer edge of hole = 25,000 psi 

W = total force from internal pressure = 8,960,000 Ib 

k, = 1.25 (derived from graph on ratio of bolt circle to gasket 

circle radii) 
then t becomes 21.2 in. 

It was decided to use a thickness of 21'/: in. owing to possible 
higher temperatures which might occur on heads, and to reduce 
the elastic strain which might result in undesirable gasket ac- 
tion, 

The bolts were sized in the conventional manner, based on a 

* working load of 8,960,000 Ib, which resulted in a working stress 
for the twelve 5°/,-in-diam studs of 30,500 psi, or about one third 
of the elastic limit. 

The asbestos-cement lining for the converter shell is mixed in 
the proportion of 1:1:1 by volume of granulated asbestos, quick- 
setting Portland cement and water. The mixture is poured and 
tamped in sections in the annular space between the shell and the 
basket. The basket is stainless-steel, ASTM-A240-347, and has a 
reaction space of about 110 cu ft. " This steel was chosen for its 
good hydrogen and corrosive-gas resistance at temperatures up 
to 1000 F. The basket is 25'/2 in. ID with '/,-in-thick wall, per- 
forated with °/,-in-diam holes on 3-in. centers for pressure equali- 
zation, 

‘The heads of the converter are insulated on the inside with 12 
in. of asbestos cement and are sealed to the flanged ends by an- 
nealed SAL-1020 steel gaskets. The self-sealing gasket shown in 
Fig. 5 is of triangular cross section. The 33.250-in-ID gasket fits 
tnto 0.35-in-deep grooves in head and shell flange. -About 0.002- 
in. copper plating was added to the polished gasket faces which 
improved the seal considerably by eliminating the galling of con- 
tact surfaces during fluetuation in pressure. The initial seal is 
created on opposite tips of the gasket by the bolting force. The 


* “Stress and Deformation in Flat Cireular Cylinder Heads,” by 


Gilbert Dudley Fish, Trans. ASME, vol. 43, 1921, p. 615, No. 1805. 
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gasket becomes deformed after internal pressure is applied as 
shown by dotted lines in Fig. 5. Sealing actually takes place 
along faces marked a and 6 in the cross section. The soft-iron 
gasket is of small cross section and the internal pressure forces the 
entire gasket to expand in diameter when the pressure forces 


A the bolted head away from the shell. At this writing it is still 


controversial how often a gasket can be re-used. 
Temperature measurement within the converter is taken 
through a centrally located 40-ft-long, 2-in-OD, 7/s-in-ID seam- 
-less-steel pyrometer tube. This tube, held in place by several 
steel spiders, has a closed bottom and is designed to withstand an 


~ fr4 
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Inside the tube is a 
sin. schedule-40 pipe of ASTM-A276-304 stainless steel, to 
which are attached six thermocouple elements on 6-ft centers. 


These elements transmit the temperatures at the various levels to 
a recording instrument located in the instrument house. 

Vapor-Phase Converter. The vapor-phase converter, shown in 
Fig. 6, is identical with the liquid-phase converter in dimensions 
and composition of shell and heads. The inner insulation is also 
the same, except that the liner is '/,.-in. perforated stainless steel. 
The insulation is recessed for the */s-in. cooling hydrogen lines, so 
that the space inside of the insulation is unobstructed for the in- 
sertion and removal of the catalyst basket. 

The removable catalyst basket, shown in detail in Fig. 6, is 24 
in. ID, 36 ft 4%/, in. long, and made of 5/.-in. ASTM-A240-347 
stainless-steel plate. Both top and bottom ends are bell-shaped 
and bolted to the body of the basket. Pressure equalization be- 
tween basket and shell is obtained by holes in the top bell. The 
catalyst space of about 100 cu ft-in the basket is subdivided into 
six compartments by perforated grids covered by a wire screen to 
support the 10-mm-diam XX 10-mm-long pelleted catalyst. The 
grids are so constructed that they also serve as a gas-distribution 
chamber for uniform distribution of the hydrogen supplied to the 
bottom of each grid by separate */s-in. supply lines through the 
top head. 

The pyrometer tube is similar to that in the liquid-phase con- 
verter, except that inside of the 2-in-OD pyrometer tube there is 
a */s-in-diam solid rod which carries 12 thermoelements for 
measuring the temperature at two points in each of the six eata- 
lyst chambers. The pyrometer tube is enclosed in a shielding 
pipe, permitting removal of the tube without disturbing the 
catalyst. The shield is closed at the bottom and made of ASTM- 
A240-347, schedule-160 pipe. 

Hot Catchpot. This vessel receives the products of reaction 
‘ from the liquid-phase converters. The heavy oil is drawn off at 
the bottom, while gases and vapors leave through the top of the 
hot catchpot. The general construction and dimensions shown in 
Fig. 7, as well as the materials of construction, are the same as for 
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the liquid-phase converter, except that. the shell is 25 ft 5/2 in. 
face to face of end flanges. The liquid inlet pipe extends down- 
ward through the top head a distance of 13 ft6 in. The normal 
level of the liquid is about 5 ft above the bottom, while the liquid 
outlet pipe projects upward through the center of the bottom 
head to a height of 4 ft. To prevent settling of solids and coking 
at the bottom, a '/,-in.’size perforated, schedule-40 pipe bent to a 
23!/--in-diam ring is provided a few inches above the bottom for 
agitating and cooling the liquid with hydrogen. 

Measuring and regulating the liquid level in the hot catchpot is 
a very important but troublesome operating function; and, in an 
attempt to make it foolproof, various methods were provided and 


“are expected to work simultaneously. These methods are de-" 


scribed in a companion paper on instrumentation. 

The temperature of the hot-catchpot contents is observed by. 
pyrometer readings. The pyrometer tube extends upward from 
the bottom about 2 ft above the normal liquid level. The thermo- 
elements are spaced 12 in. on centers with at least tw o elements in 
the vapor space. 

Cold Catchpots. Fig. 8 shows an assembly of these vessels. 
They are 24 in. ID, 37%/, in. OD, and 16 ft 11%/s in. inside length. 
They are flanged at the top to 47 in. OD and tapered at the bot- 
tom to a 2-in-diam liquid outlet. The top head is 45 in. OD, and 
18’/s in. thick, and is provided with product inlet and gas outlet 
ovenings. The 2'/,-in-diam product inlet pipe extends 2 ft be- 

- low the head, where it is, divided into two 1'/:-in-diam pipes, ter- 
minating in #/s-in. X 1’/sin. reetangular outlets, discharging 
downward at 15 F, and tangentially along the inner surface of 
the shell. This arrangement will provide efficient separation of 
gases from liquids without foaming. At the elevation of the ims 
pinging stream, the vessel is lined with an interchangeable carbon- 
steel wear cylinder, 2 ft long X °/s-in. wall thickness. The shell 
analysis is 2.50 to 3.25 per cent nickel, 0.75 per cent chro- 
mium, and 0.30 to 0.40 per cent molybdenum, and has an ultimate 


tensile strength of 100,000 psi and an elastic limit of 55,000 psi." ” 


The heads are carbon steel, and the head studs, nuts, and gaskets 
are the same as for the converters and the hot catchpot. 

Since the normal operating temperatures are low, 150 F for the 
liquid phase, and 80 F for the vapor phase, the cold catchpots are 
neither insulated nor lined on the inside. For the same reason, 
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the shell steel contains only enough alloy metals to meet the re- 
quired physical properties. The normal liquid level in the cold 
catchpot is 7 ft 8*/s in. above the bottom outlet flange. 

Compressor Suction Traps. These vessels, also shown in Fig. 8, 
are installed in the recycle gas-compressor suction lines from the 
cold catchpots, to trap the moisture from the gas before it reaches 
the compressors. They are identical with the cold catchpots. 

Wash-Oil Scrubber. The wash-oil scrubber is installed in the 
liquid-phase recycle gas-suction line between the cold catchpot 
and the compressor suction trap. The purpose of the scrubber is 
to wash out the hydrocarbons and impurities from the gaseous 
products of hydrogenation in order to-maintain the partial pres- 
sure of hydrogen in the recycle gas at a minimum of 80 per cent. 
The scrubber is packed with 1'/:-in. X 1'/:-in. steel Raschig 
rings. 

" The design conditions are similar to those for the cold catchpot, 
10,300 psi at 120 F. In details of the shell, heads, and closures, 
materials of construction and general dimensions, the scrubber is 
identical with the cold catchpot, except that it is much longer, 
being 41 ft 7!/, in. over-all. Like the cold catchpot, it is tapered 
at the bottom from 24 in. ID in the body to a 2-in-diam bottom 
outlet. The wash-oil inlet pipe through the top head extends 
down 6 ft to a perforated-steel distribution plate, below which is a 
packing space 28 ft 8 in. deep. The steel Raschig-ring packing is 
supported by a steel grate 3 ft 2%/s in. above the bottom head 
flange. The gas-inlet pipe extends up from the bottom to a point 
just below the packing grate and is surmounted by a serrated 
bubble cap. The normal liquid level in the scrubber is 4 ft above 
the packing grate. The liquid level is indicated and controlled in 
the same manner as in the cold catchpot. 


Srrucrure aND Repair Prr- 


All high-pressure vessels are located within a heavy-walled re- 
inforced-concrete structure 193 ft long, 28 ft wide, and 58 ft high, 
open on the top and rear. To minimize the danger of possible 
fires or explosions, the structure is divided into six stalls by 14-in. 
reinforced-concrete walls. A 130-ton gantry crane with a 70-ft 
lift and 60-ft span straddles the structure and facilitates handling 
of the heavy equipment. Fig. 9 shows the gantry crane carrying a 
converter to the stalls visible in the right background. 

The two end compartments of the stalls house the preheaters. 
Next to the preheater are the hot stalls of each phase, containing 
the converters, high-temperature exchangers, and hot catchpot. 
In the center are the two cold stalls with the cold catchpots, 
coolers, and compressor suction traps. In a full-scale plant it is 
not considered necessary to enclose the cold vessels and pre- 
heaters. The experimental nature of the operation justified this 
extra precaution in the demonstration plant. 

Adjacent to the stall area is a reinforced-concrete repair pit 35 
ft deep. This pit facilitates the repair and cleaning of the large 
vessels by permitting vertical removal of internals. 


New DeveELopMENTs IN HiGH-PRESSURE-V ESSEL 
DeEsIGN- 


The demonstration-plani high-pressure vessels described were 
built in accordance with the established practice of forged con- 
struction. However, during the initial stages of plant design, con- 
sideration was given to layer-vessel design and to the spirally 
wound vessels (Wickelofen) still in the industrial development 
stage in Germany. © The carbon-steel-plate layer vessels proved to 
be too heavy and expensive, while the spirally wound vessels were 
not available from American manufacturers. 

Latest investigations indicate that the spirally wound vessels 
have excellent possibilities in future American full-scale opera- 
tions. Therefore a detailed description of this method seems to 
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9 PANORAMA OF STALL SHOWING | 


be pertinent to this paper. The Germans developed this method | 
of pressure-vessel construction shortly before the second world | 
war as a modification to the layer vessel designed and constructed 
by the A. O. Smith Company of Milwaukee, Wis. Figs. 10, 11, 
and 12 help to visualize the spirally wound method of construc- 
tion. The principle of design utilized by this method is the | 
shrinkage of each successive layer of the wound strip upon the 
layer or core beneath. Shrinkage of the layers is achieved by con- 
tinuously heating each strip electrically to between 1100 and 
1550 F just before winding, followed by cooling to atmospheric — 
temperature after it is pressed onto the underlying layer. The 
resultant predetermined contraction of the metal strip will set up 
circumferential prestressing necessary for minimum wall thick- 
ness. The intimate interlocking of the wound strips provides the 
necessary longitudinal strength. 

The wound vessel is fabricated essentially as follows: The 
inner tube, which forms the core, may vary in thickness from 7/5 
in. for 30-in-ID to 1'/, in. for a 48-in-ID vessel. The inner tube 
must resist corrosion and hydrogen attack at high temperature 
and pressure. A 3 per cent chrome steel with 0.2 per cent C, 0.4 
per cent Mn, 0.3 per cent Si, and 0.15 per cent V was normally 
used by the Germans for this purpose. A plate of commercial 
width is rolled to the desired diameter and butt-welded longi- 
tudinally. As many of these cylinders as are necessary for the de- 
sired length of the vessel are butt-welded together, and then 
stress-relieved. Dummy ends of plain carbon steel are welded to 
the ends of the inner tube. These dummy ends, to which the 
strip ends are welded, are later cut off when the vessel is finished. | 

The strip may vary in thickness from '/, in. to */s in., and the | 
width is usually about 10 times the thickness. It may be of plain 7 
carbon steel for the lower pressure and temperature ranges or 
low-alloy steel for higher temperatures and pressures, depending: 
upon operating conditions or strength of material desired. As 
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shown in Fig. 10, the strip is rolled to a tongue-and-groove profile, 
preferably three or more grooves in width, so that the upper layer 
of strip can overlap by at least one third its width and still inter- 
lock amply for axial strength. 

The wrapping lathe can be the same type used for machining 
solid wall vessels, Fig. 12. The tool carriage can be altered tq run 
on a special track and accommodate a reel of strip, the strip heat- 
ing and cooling equipment, and a profiled back-up roller. The 
strips, as received in mill lengths, are butt-welded end to end to a 
length required to wind a complete layer in one run. 

The inner tube with its dummy ends is set on the lathe, and 
cooling water is turned on inside the tube. Spiral grooves are then 
cut into the outside face of the tube to match the tongues on the 
strip, at a pitch equal to the width of the strip, plus a slight 
clearance, 

Before wrapping is started the end of the strip is welded to the 
dummy end of the inner tube at an angle corresponding to 
the pitch. The strip passes between guide rollers and is pressed 
against the vessel by two 6-in-diam profiled rollers diametrically 
The load 
The guide rollers act as the con- 
nection for the electric current, which heats the strip as it unwinds 
from the reel onto the The power required to heat the 
strip to between 1100 and 1550 F is furnished at 30 to 40 volts 
and 4000 to 6000 amp. 

After passing under the profiled roller, the strip is 3 que nched by 
compressed-air jets and about five or six turns later by cold-water 
jets. The speed of wrapping is about 15 fpm. 

After the first layer of strip is completely wrapped, the end is 
welded to the dummy end of the inner tube and the carriage re- 
turned to the other end of the lathe. The next strip is then 
welded to the first layer strip (see Fig. 10), so that it will overlap 
the joints of the underlying layer by one third of the width of the 
strip. The succeeding strips are then wrapped exactly like the 
first and second, until the required wall thickness is obtained. 

To finish the ends of the vessel a flange is formed by the same 
wound method, a steel ring is shrunk over the strip ends, and the 


opposite each other, to prevent distortion of the tube. 
on these rollers is about 1 ton. 
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dummy inner-tube ends are cut off to the proper length Fig, 11. 
Instead of a wound flange of strips, a solid forged-steel flange may 
be serewed or shrunk on, if desired. Fig.*1 
Wickelofen of the type described.® 

Full-Scale Plant Converter. A’layout has been made of a’full- 
scale plant converter employing the spirally wound principle. A 
sectional sketch with the main dimensions and materials is shown 
in Fig. 14. : 

In order to take the me ‘st advantage of this type of construc- 
tion, the wrapping strip steel should have a high yield strength. 
Also, the yield should not exceed 75 per cent, 


3 shows a German 


nor be less than 60° 
® For further particulars on the construction of the ‘‘Wickelofen” 
refer to “Engineering in Hydrogenation Plants in Germany,” by J. 
F. Ellis, published by the British Intelligence “Objectives Subcom- 
mittee, 32 Bryanston Square, London, W.L., or the office of Technical 
Services, U. S. Dept. of Commerce, Washington, D. C. 
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per cent of the ultimate tensile strength. The elongation should 
a ne not be lower than 17 per cent. It is believed that a low-chrome 
vanadium steel similar to SAE 6115 could be heat-treated in the 
wrapping procedure to secure the desired properties. 

In designing the vessel shown in Fig. 15, a steel with 90,000 psi 
yield strength and about 130,000 psi ultimate tensile strength is 
used. In arriving at the wall thickness, the strip was stressed to 
70,000 psi on the outside layer, resulting in compressive stress on 
the core tube of similar magnitude, Fig. 15. Twenty-two °/j.-in. 
layers were required over a 1'/:-in. inner tube. This resulted in 
an 8'/,-in. wall for the specified 56-in-ID vessel, weighing only 
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Many improvements are still possible in high-pressure vessel 
fabrication, particularly for large diameters required in commer-_ 
DETAR A cial-scale hydrogenation plants. 
The spirally wound construction is especially promising. 
brief summary of the advantages claimed follows: 


1 Economy in corrosion and hydrogen-resistant material, | 
ae ; since only the core tube needs these properties. 

2 The thin strips permit treating and forging operations to 
penetrate the innermost crystals. Thus the safety factor re- 
quired for nonhomogeneous solid walls can be reduced. 

3 The method of construction gives higher stress distribution 
on the outside layers, causing these to stretch uniformly, and 
thereby permitting visual inspection of amount of growth. 

4 Reduction of wall thickness from increased physical proper-_ 
ties secured by controlled heating and cooling of strip. 

5 Material lost in machining is only one sixth of that lost in— 


. 


forging solid-wall vessels. 
6 Fewer operators are required, and the manufacturing time is 
reduced to one fifth of that required in forging. 7 
7 Wound vessels can be made at the plant-site shop, thus 
simplifying handling and transportation problems. 
8 The size of vessels is limited only by the capacity of crane 
handling equipment in the field. 
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High-Pressure (10,300 Psi) Piping, Flanged 


Joints, Fittings, and Valves for 


~Coal-Hydrogenation Service 


By J. H. SANDAKER,' J. A. MARKOVITS,? ano K. B. BREDTSCHNEIDER® 


The high-pressure piping components used in the coal- 
hydrogenation process are described briefly. Some fac- 
tors considered in design are given. In addition, a short 
discourse on future design for commercial-scale plants is 
included. 


INTRODUCTION 


HE coal-hydrogenation demonstration plant required large 

quantities of 10,300-psi piping, flanged joints, fittings, and 

valves of various types. Service conditions introduce 
unique problems which have to be considered in the design of 
these elements. Some of these problems are touched upon 
briefly and resulting designs are described. 

At this time it appears probable that most piping in future 
coal-hydrogenation plants would be made lighter by the use of 
higher-strength steels. However, the other piping components 
are unlikely to be changed radically in design. 


PIPING 


Design and standardization of the 10,300-psi-working-pressure 
piping presented numerous problems. In selecting materials 
and determining wall thicknesses, consideration had to be given 
requirements, prevailing pipe-manufacturing 
practices, permissible stresses, including creep streess at high 
temperature, and the effect of corrosion, erosion, and hydrogen 
attack. In addition, however, it early became apparent that 
large unit weights were involved; so that it became imperative 
to design for minimum weight consistent with safety and reliabil- 
ity. 

It was realized that the many theories available to explain the 
failure of thick-walled cylinders from excessive internal pressure 
gave widely different results at the 10,000-psi design level. The 
maximum principal-stress theory, in which the tangential stress 
alone is considered to be the criterion for failure, proved to be the 
most suitable choice. The ASA code for pressure piping adopts 
this theory, and in paragraph 122b eS 


tm = 
2 


1.Mechanical Engineer, Coal-to-Oil Demonstration Branch, Office 
of Synthetic Liquid Fuels, Bureau of Mines, Louisiana, Mo. 
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to process-flow 


where 


tm minimum pipe-wall thickness in inches, excluding manu- 
facturing tolerances, 
maximum internal service pressure, psig 
outside diameter, in. 
allowable stress in material due to internal pressure, at 
the operating temperature, psi 
C = allowance for threading and corrosion, in, 


A study of Equation [1] reveals how wall thickness varies with 
allowable stress. By dropping the constant C and rearranging 
the equation, it becomes 


= 


where D/d = theoretical ratio of outside diameter to inside 
diameter. Plotting D/d against allowable stress for the internal 
pressure of 10,300 psi, the graph shown in Fig. 1 is obtained. 
Several significant facts are evident from this curve. As the al- 
lowable stress approaches 10,300 psi, the D/d ratio approaches 
infinity. It is also apparent that at relatively low stress values, 
small increments cause large decreases in D/d ratio. The rate 
of decrease diminishes as the allowable stress increases. 
Calculated data in Table 1 show an interesting comparison of 


OUTSIDE DIA /INSIDE DIA, VS ALLOWABLE 
STRESS IN PS |. FOR INTERNAL PRESSURE 
OF 10,300 PS.I. 
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wall thicknesses and unit weights for 2'/.-in-ID pipe, both with 
and without manufacturing tolerances, using ASTM-A-106, 
grade B carbon steel for which the ASA Code for Pressure Piping 
stipulates an allowable stress of 18,000 psi at 375 F, and alter- 
nately API 5L, grade C for which a stress of 22,900 psi is allowed 
at the same temperature. 


rABLE 1 “ALCUL D WALL THICKNESS FOR 2!/2-IN-ID 
10,300-PS1 PIPE 


Wall thickness Wail thickness 
excluding mfg. including mfg. 
tolerances, Weight tolerances, Weight 
Maternal in. Ib per ft in. lb per ft 
ASTM A-106, grade B 1.25 : 1.875 SS 
API5L, grade ¢ 0.95 1.169 45 


It is clear from the data that there was a distinct advantage in 
using API 5L for low-temperature service. Another notable fact 
is that manufacturing tolerances had a big influence in the final 
weight of the pipe. This was a factor which at the time had to 
be accepted as a necessary evil. Fig. 2 lists final pipe dimensions 
arrived at with manufacturing tolerances for seamless piping 


LENGTH OF PIPE 
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DIMENSIONS ALLOWABLE TOLERANCE 

| 8 F ON 0.0 [oN WALL THICKNESS) 
0357] 075" | -Ke +4eq + 15% 
210.637] | | 1125" + Veg" 
[1039] 244 175"| 
| 2.35" | % 
4° | 27% 3125" | 
443) 4% [37 | +1242 % 

THREADS, AN AMERICAN NATIONAL 8 THREADS PER INCH, 


SMOOTH MACHINE SURFACE MARKED 
TO BE USED ON ALL HP PIPING SPECS. _ 


Fic. 2. Pree STANDARDS 


which was to be finished by hot-rolling. After completion of 
some tubes, manufacturing difficulty necessitated a change to 
cold-drawing, so that there is some slight deviation from dimen- 
sions and tolerances listed. 

Fig. 3 shows on the left a Croloy 9M tube obtained by hot- 
finishing. Note the squareness of the inside circumference. 
On the right is a well-shaped cold-drawn tube. 

Following German precedent, materials for piping were divided 
into four different classes based upon service, as follows: 

(a) Low temperature, up to 375 F. -s 

(b) Medium temperature, 376 F to 850 F. 

(c) High temperature, 851 F to 1000 F. 

(d) Miscellaneous applications in which */,s-in-ID X 
. OD type 304 stainless steel or X ?/,¢in-OD, chrome- 
molybdenum steel tubing was used. . 


16.3) Piping GASKET SECTIONS 
About the latter, used for instrument pressure leads, flushing- 
oil injection, nitrogen injection, hydrogen injection, and sampling 
lines, little need be .said, since this type of tubing is regularly 
manufactured and can be obtained easily from suppliers. 
The materials with their properties for the first three classes 
are listed in. Table 2 


TABLE 2 HIGH-PRESSURE 110,300-PSI) PIPING M ATERIALS 
Ult. 
Maximum Yield tens. 
service temperature, _ +4 point, n 
deg F Material psi 
Low tempe rature: 
0 to 375 B & W MT-P040 45000 7: 159 min 
(early design) equal to API-5L, min i 
grade C 
0 to 375 SAE 4130 45000 5 180 
(later design) 4 min i 
Medium temperature: 
376 to 850 Croloy 9M (Ref. B& 82000 “ 223 
W Tech. Bul. 6-D - min i 
p. 49) HT-31,387 
normalized ‘and 
drawn at 1200 F 
High temperature 851 AISI Type 316 30000 = =75000 max attaina- 
to ble 


Norte: Creep stress for 1 per cent elongation in 10,000 hr is about 
22,800 psi. 


The change in the low-temperature class to SAE 4130, a low- 
chromium-molybdenum steel, was made during construction of 
the plant, primarily for improved weldability. 

The dimensions given in Fig. 2 are the same for all materials, 
for the sake of standardization of tubing; fittings, ete. The di- 
mensions were based on the properties of API 5L, grade C, car- 
bon-steel seamless tubing for which, as has been noted, the allowa- 
ble stress is 22,900 psi at 375 F. It would appear that a higher 
design stress could have been.used for Croloy 9M; however, at the 


* time it was selected, not enough was known about its behavior at 


temperatures near 850 F to warrant taking full advantage of its 
strength: In addition, such procedure would have minimized 
standardization. It will be noted that the dimerisions chosen 
bring the design stress up close to the creep stress for type 316 
Babeock & Wilcox 16-13-3. It was considered more desirable to 
design on this basis than to exceed the OD/ID ratio.of 2, which 
was about the maximum according to German experience. 
Thicker walls could be expected to give trouble due to greater 
likelihood of internal faults and to increased temperature stresses. 
Temperature changes especially would have a particularly detri- 
mental effect on stainless steel with its high coefficient of ex- 
pansion and low thermal conductivity. For this reason Croloy 
9M, which has better thermal-shock properties, was used in emer- 
gency let-down lines where temperature could be momentarily 
over 1000 F and vary widely. 


FLANGED JOINTS 


In a good high-pressure flanged connection, the folowing fea- 
tures are desirahle: 
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1 Tightness must be maintained in spite of pressure and tem- 
perature fluctuations and of usual piping stresses imposed by 
torsion, bending, and vibration. 

2 Functioning should not be affected by minor pipe misalign- 
ments in construction or by slight surface imperfections either on 
gaskets or faces. 

3 Since it is desirable to keep the weight of the joint low, 
tightness should be achieved with low bolt loads. 
contribute to this end: 


The following 


(a) A gasket pressure area as near the inside circumference of 
the pipe as possible. 

(b) A design which provides high unit pressures on the gasket 
seat with relatively low bolt loads. ; 

(c) At least a partial self-sealing at operating pressure. 


4 A sufficient number of bolts should be provided so that 
failure of one during tightening will not cause the joint to fail 
completely. 

With these considerations in mind, a study was made of several 
types of flanged joints. Fortunately, data on the lens ring joint 
used in Germany were available for comparison with conven- 
tional types. This was finally chosen as the one having most of 
the desirable characteristics. Fig. 4 illustrates an assembled 
connection of this type for low-temperature lines. For compari- 
son, a Bureau of Mines pipe, flange, and lens ring was shown 
mated with the 


a 


closest-size German pipe and flange. 
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«1. G.. FARBEN END 
PIPE & FLANGE 


FLANGED-JointT ASSEMBLY. 


Fig. 5 shows the shape and dimensions of low-temperature 
service lens-ring gaskets, and Fig. 6 shows the dimensions of 
flanges used. It should be noted that a spherical gasket surface 
is in contact with conical surfaces on the pipe ends. It is char- 
acteristic of a metal-to-metal ball-and-cone joint that, with 
small bolt load, the contact area is extremely small, though very 
high gasket unit seating pressures are achieved. The gasket is 
softer than the pipe and its action under load is both plastic and 
elastic. Plastic deformation takes place over an almost im- 
perceptible area and seals off against minor imperfections in ma- 
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\ d 
\ | 4, +8 
NOM INSIDE SPHER | CONTACT) 
SIZE RAO | CIRCLE! 
10 a | 4, r je R G 
3/8" 357 113706" 556 
5/8° | 637 — i | = 
1039° | 175 | 2-1/8"| 1 455° 
1-1/2°| 1461 | 2 35|3-14| 578" 11/32/9764 /2-15716 | 2009" 
2021* 13125 14-174] 13716" |1716 4° : 
2-1/2" |2.443°| 375] 5° | 31732" [i716 |1/4"| 4-13716] 3284 
5-1/2"| 5.500 |7-38! 10° (16 9548 | 6 531" 
Fie. 5 Sori-Lens Gasket STANDARDS 
M 
| | 
| l ZB 
| 
K 
7 
MACHINE ONE I/I6" RAD. IDENTIFICATION GROOVE 


ON MEDIUM TEMPERATURE FLANGES 
MACHINE TWO I/I6" RAD. IDENTIFICATION GROOVES 
ON HIGH TEMPERATURE FLANGES 


FLANGE DIMENSIONS DRILLING 
NOM. Size] B | C D K M_ [NO HOLES 
Sg” | 14 M6" fe 15/6" 3 
ive" | 3" 344" 1° 6 
2" 4" 5/e" 6 
2!/2" 346°] 7 16" 6 


NOTE- TO BE USED ON ALL HP PIPING SPECS 
GENERAL NOTES 

THREADS AMERICAN NATIONAL 8 THDS. PER INCH 
CLASS 2 FiT HOLES TO BE EQUALLY SPACED AND 
DRILLED ROUGH MACHINE ALL OVER 

Fig. 6 Fiance STANDARDS 
chined surfaces. 
and 


The greatest part of the deformation is elastic 
both radially Both the initial 
elastic deformation set up before pressure application and the 
internal pressure itself provide the self-sealing effect under 
operating conditions, 


occurs and axially. 


The ball-and-cone shapes allow the lens to find a seating posi- 
tion in spite of minor pipe misalignments. Though surface finish 
was specified to be very fine, it has been found that minor scratches 
and toolmarks do not cause leakage. 

In spite of careful piping design, expansion stresses in high- 
temperature lines tend often to place added bending and torsion 
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ISPHER 
RAD. 
R 


NOM.| 1.D. 


CONTACT @ WIDTH 
SIZE 


d Ss 
I" |L039" 1.69" 19/32 
\-1/2 |L.461" 2.35" | 11/16" 
2" |2.02)" 3" 127/32 
2-1/2 peas 3-5/8] 1-1/8 
5-1/2|5-1/2 767°] 2° 


DIA. OF 
20°C. SK. 
ON PIPE 


1.75" 
2.35" 

3.125" 
3.75" 
7.375 


2.65" 
3.54" 
4-7/16 
9.55" 


.7 Bettows-Gasket STANDARDS 


jin the flanged connections. For this reason a bellows lens as 
illustrated in Fig. 7, is used in medium and high-temperature 
lines. This type of lens ring has still greater self-sealing effect 
because fluid under pressure enters the annular space in the lens 
and acts over a greater area. Should the bending moments tend 
to open mating flanges, the bellows lens tends to open and to 
follow the seating surfaces on the pipe. 

Flanging materials and their physical properties are given in 
Table 3. 


TABLE 3 MATERIALS —HIGH PRESSURE (10,300-PSI) FLANGED 
JOINTS 


Ult. 
Yield tens, 
point, strength 
Material psi psi Bhn 
Low TEMPERATURE 0-375 F 


Carbon steel ASTM- 
4-105, grade II 36000 70000 

Carbon steel ASTM- ° 
A-105, grade I 30000 ° 60000 


AST M-%.-193-44, grade 
B-7 (SAE 4140) min 
draw temp. 1100 F 105000 125000 
AST M-A-194-40, class 
2-h heavy series. 


Flanges 
136 min 
Lens-ring gaskets 

116 min 
. 140 max 
Bolts 


Nuts 


Meptum TEMPERATURE 376-850 F 


Carbon-moly ASTM- 
(on tubing) A-182-44 grade F-1 45000 
Flanges Alloy steel AISI type . 
(on fittings 304 ASTM-A-182, 
and valves) grade F-8 30000 
40900 


Flanges 
150 min 


75000 200 max 


64160 


Lens-ring gaskets AISI 405 chrome steel 

annealed 120 min 
130 max 
Bolts 
Nuts 


Same as for low-temperature service 
Same as for low -temperature service 


851-1000 F 


Alloy steel AISI type 
304 ASTM-A-182- 
44 type F-8 30000 75 200 max 
AISI type 405 chrome : 
steel annealed, 40900 64160 .120 min 
130 max 
Same as for low-temperature service 
Same as for low-temperature service 


Flanges 
Lens-ring gaskets 


Bolts, 
Nuts 


The materials from which lens rings are made have in each ap-° 


plication a Brinell number about 30-40 points below the piping 
materials. This follows German practice and is for the purpose of 
restricting plastic deformation to the lens rings, which are the 


1950 
4 | 
elements most easily replaced. Flanges are made of materials 
different from tubing to avoid galling of threads. 

Some idea of the weight reduction achieved by use of the 10,300- 
psi lens-type joint can be obtained by comparing the weights of a 
flange for the 2'/;-in. nominal-size pipe with the weight of an 
ASA-2500-Ib screwed flange for the same pipe size. Each weighs 
about 50 Ib. 

Results.of a test‘ conducted in Germany on a 325-atm (4780- 
psi) working-pressure joint of this type for a pipe with an inside 
diameter of 4.73 in. are available. It was found that an initial 
total bolt load of 75,000 lb was increased to 99,000 Ib by appli- 
cation of the design internal pressure corresponding to a total fluid 
force of 94,500 lb. The joint remained tight, and internal pres- 
sure had to be increased tp 780 atm before signs of leakage ap- 
peared. Obviously, self-sealing took place. It is interesting to 
note that, at design pressure, the total bolt-load’ exceeded thie 
total fluid load by less than 10 per cent. Conclusions of the test 
report indicated that, for the joint under test, a bolt load between 
1.8 and 2.5 times the total fluid load should be used in practice. 
The lower limit was set to avoid leakage when normal piping 
forces are applied, and the upper limit to avoid overstrain of bolts 
in service. 

Lens-ring joints are used throughout except for instrument 
lines. These have conventional cinch joints. 


FITTINGS 


Fittings are limited to tees, 90-deg ells, and reducers, and all 
are forged and bored. . Ells are made by bending straight forged 
and bored pieces. Table 4 gives materials and their physical 


properties. 


TABLE 4 MATERIAL FOR FITTINGS 


J Ult. 

tensile Yield 
strengh, point, 
Service Material psi psi 
Low temperature 

0to375F 
Medium tempera- 
ture 376 to 850 F 


Bhn 


* SAE 1030 
Type 304 18-8 stain- 
less steel ASTM-A- 
182 grade F-8 75000 


75000 45000 163 min 


30000 max at- 
taina- 
ble 

Type 316 stainless steel 
AST M-A-182-44 


High temperature 


851 to 1000 F max at- 


taina- 
ble 


Details and dimensions of all flanged-type tees are given in 
Fig. 8. Fig. 9 illustrates welding-type ells. Fig. 10 shows 2 
typical 2'/,.-in. high-pressure line with flanges and fittings. 


VALVES 


In general, shutoff, throttling, check, and relief valves are used. 
All bodies are forged steel. Table 5 shows materials and physical 
properties. 


TABLE 5 MATERIALS FOR HIGH-PRESSURE (10,300-PSI) VALVE 
BODIES 


Ult 
tens Yield 
strength, point, 
Material psi psi 


Carbon steel SAE- 
1030 


Service 
Low temperature 
0 to 375 F 
Medium tempera- 
ture 376 to 850 
F  and_ high 
temperature 
851 to 1000 F 


Bho 


75000 45000 163. min 
Alloy steel AISI type . 


316 ASTM-A-182- 
44 type F-8m 


75000 30000 190 max 


4 Report on the ‘Deformation of 120-Mm Sealing Rings of N5 
Material Due to Internal Pressure and With Very Tightly Drawn 
Bolts,” dated Ludwigshafen, July 12, 1936. Frames 6722-6728, 
inclusive of TOM Reel No. 181. 
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Fie. 9 Wetpine ELL or 90 Dea 


All valves are arigle type, except for a few vertical-lift check 
valves, which are straight-through type. The smaller sizes of 
shutoff and throttling valves are direct handwheel-operated and 
have screwed packing-gland nuts, while larger sizes, 1'/2 in. and 

‘above, have bolted flanged packing glands, and are spur-gear- and 
handwheel-operated. Valves are so arranged that the pressure 
will be above the disk when closed. 
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High-pressure drops during opening and closing, even for mild — 
service, are likely to cause severe erosion of disk and seat ma- 
terials, unless proper precautions are taken in design. For this 
reason seat and disk are stellite for shutoff valves and kennametal 
for throttling valves. Because of the brittleness of kennametal, 
throttling valves cannot be used for shutoff. Provision must be 
made to avoid tight seating. This has been done either by pro- 
viding a spring between spindle and removable disk, or by use of 
stop nuts on the valve spindle to limit the travel. In addition, 
throttling and shutoff valves must be paired and valve opera- 
tions arranged so that all throttling is placed on throttling valves, 
while only shutoff valves are depended upon for tight shutoff. 

Seat rings or bonnet closures for all valves are of the self-sealing 
type. This keeps down the weight of the valve and facilitates 
disassembly for replacement of valve internals. Valve packing, 
where used, is seven-ring type-220 durametallic with nitralloy 
base ring and gland. 

Fig. 11 shows a section of a typical shutoff valve. In Fig. 12 
a gear-operated 2-in. shutoff valve is compared with a 2-in. 150- 
psi screwed valve. 

Throttling valves fall into two classes, depending upon whether 
service is severe or mild. Severe throttling valves are used where 
pressure drop would be from 10,300 psi down to about atmos- 
pherie pressure and the fluid is a mixture of liquids, gases, and 
solids consisting of unreacted coal, ash, and catalyst. Fig. 13 
illustrates the valve used for such service. Velocities in the nozzle 
reach 700 to 800 fps. German experience with a similar valve in- 
dicated that a maximum service life with the best seat and disk 
materials available would be about 1 month. Design, therefore, — 
had to be carried out with the object of attaining longest pos- 
sible service life and of providing for the quickest and safest 
possible replacement of either valves or their worn elements. To — 
minimize abrasion of the disk the valve was so designed that, with 
normal flow conditions, it would be fully open and all of the throt-_ 
tling would occur in the nozzle itself. Further, the nozzle was 
made with a divergent exit of 7 deg in order to prevent cavita- 
tion. 

The stream leaving the nozzle enters an expansion chamber and 
impinges against a ‘‘target plate’? made integral with the lens ring 
of the flanged joint on the outlet side of the valve. Flow through 
the plate is by means of a hole drilled eccentrically to the face — 
which has a concave surface of stellite. The purpose of the ex- 
pansion chamber and target plate is to provide for the dissipation 
of the energy of depressuring before entry of the fluid into the 
piping. 

To permit rapid replacement of valve seat and disk, the con- 
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VALVE 


_ struction is such that disassembly and removal of internals can be 
accomplished from the top without removal of the valve from the 
dine, 
two being controlled automatically and one hand-operated: One 
of the automatic valves and the hand-operated valve are spares. 


In the most severe service, three valves are used in parallel, 
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Fic. 13. Severe THrorriine VALVE 


A 
Each of these valves is so arranged that three stop valves are on 
the upstream side and one on the downstream side, in order that 
it may be tightly isolated from the system for either removal or 
repair. 

The mild throttling valve is much simpler in construction. Re- * 


- movable seat and disk cannot be taken out without removing the 


valve from the line, however. Fig. 14 shows the construction of 
one of the’smaller sizes. 

Check valves used are both angle and straight-through types. 
The angle type illustrated in Fig. 15,is used for gases and liquids 
free of solids. Both seat and disk are stellite-faced, and the seat is 
not ‘removable. The disk is integral with the stem, which is 
spring-loaded sufficiently to keep the disk seated under conditions 
of no pressure differential. The spring space behind the stem is 
connected with the pressure space by a drilled’ hole for pressure 


equalization. 


The straight-through vertical-lift check valve shown in Fig. 16 
is used for slurries or liquids containing solids. It functions like a 
ball check, but the hollow disk is shaped like a small streamlined 
aerial bomb. Vertical movement is guided by three stellite-faced 
vanes 120 deg apart. Seat, disk, and vane guides are stellite- 
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Fic. 15 Anour Cueck VALve 
faced also, and the seat is removable. This valve must always be 
installed with the disk and seat downward, and flow must always 
be upward. 
Disk 
The disk is in- 
tegral with the stem, which extends through the coiled spring and 
is guided near the upper and lower ends. P 
Control valves are diaphragm type and have the same general 
features as hand operated valves. 
Conventional 15,000-psi straight-through needle stop and angle 
check valves, and 25,000-psi microregulating valves are used in 


Relief valves are spring-loaded, as shown in Fig. 17. 
and seat are stellite and the seat is removable. 


high-pressure instrument lines. - 
Furure CommerciaL ScaLe PLANT DesiGn 


As it appears now, only minor changes would be made in design 
of fittings, flanged joints, and most valves for commercial scale 
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Fic. 17) Revier VALve 
plants. Possibly the severe throttling valve would be replaced by 
a pressure letdown engine. 

The trend in piping, which is expected to reach a maximum size 
of 10 in. ID will probably be toward use of higher-strength ma- 
terials in the low and medium temperature ranges, permitting 
higher design stresses. Possibly ends of pipe would be upset for 
threading so that the main body will not have excessively thick 
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The thinner walls would allow manufacture of most of the 
required sizes by piercing and cold-drawing rather than by forging 
and boring. From about 6 in. ID to the maximum of 10 in. ID, 
manufacture undoubtedly would be by forging and boring. 

It is expected that design stresses will be of the order of mag- 
nitude of 30,000 psi. A 4-in-ID pipe would then have an OD/ID 
ratio of about 1.53 and weigh about 60 lb per ft. Using the old 
design, a 4-in-ID pipe would have an OD/ID ratio of 1.88 and 
weigh about 108 lb per ft. ‘ 

Further, it may be possible to substitute Croloy 7 or 5 for the 
Croloy 9M now in‘use. In addition, if may be desirable to break 
up the present§Jfmedium-temperature service range into several 


walls. 
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ranges, and to use ‘a different material for each. Studies would 
have to determine whether such changes would be feasible metal- 
lurgically and if they would reduce costs appreciably. 

At this time it is doubtful that a material for high-temperature 
service piping with a creep strength higher than AISI type 316 can 
be found. Heavier piping for this service will not affect the over- 
all situation appreciably, since it represents only a small per- 
centage of the total high-pressure piping in a coal-hydrogenation 
plant.. . 

There are several super alloys in the development stage, but to 
date there is no evidence that any of them can be used success- 
fully for high-temperature service tubing. * 
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Instrumentation for Coal-Hydrogenation 


Service 


By G. 

The process requirements of measurement and control 
are described as applied to high-pressure phases of the 
coal-hydrogenation process. Special emphasis is given to 
the details of development and application of special in- 
struments. 


INTRODUCTION 


HE coal-hydrogenation demonstration plant includes nearly 

all types of instruments found in normal refinery practice. 

~ The instrumentation is not typical of that required in a come 

mercial plant, as many measuring devices were installed for ex- 

perimental purposes to gather operating data and to accom- 

modate changes in operation with various types of coal. The 

text of this paper covers only high-pressure instrumentation with 

emphasis given to unusual items, new developments, and adapta- 

tions; it is discussed in the order of temperature, pressure, flow, 
differential pressure, level, and miscellaneous instruments. 

Measurement and control in high-pressure services is not new. 
However, when applied to coal hydrogenation, other factors 
complicate the problem. In addition to pressures of 700 atm, 
there are temperatures of 1100 F, high-viscosity erosive liquids 
containing up to 50 per cent solids, hydrogen, and mixed hydro- 
carbon vapors, as well as severe pressure drops of as much as 
675 atm, and freezing weather. 

In German plants, automatic control was not an economic 
necessity; therefore instrumentation was not highly developed 
for this process. It was recognized that solution of the many 
complex instrumentation problems would offer great possibilities 
‘for improvement over the German plants and help adapt coal 
hydrogenation to the economics of the United States. 

The necessity for protection against the hazards of the process 
established the basis of design for the control center. The control 
house is a reinforced-concrete building, 34 ft * 90 ft, with a solid 
12-in. wall on the north or stall side-as further protection. Di- 
rectly outside the wall are located principal control valves and 
by-pass valves, the handles of which extend through the wall and 
panel board and are located directly under their respective in- 
struments for manual operation. The instrument board, contain- 
ing 121 instruments, consists of 30 control panels and 2 annun- 
ciator panels, with 18 panels on the north wall and 7 on each 
wing. The instruments are either pneumatic or electric receivers, 
eliminating explosive gases or high-pressure liquids from the con- 
trol room. High-pressure controllers are on the north wall, with 
miscellaneous régorders and the annunciator system on the wings. 
High-pressure controls operate either automatically, remote 
pneumatically, or manually from the center. 
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TEMPERATURE INSTRUMENTS 


The temperatures encountered in the process design range from 
atmospheric to 1800 F and makes the use of both iron-constantan 
and chromel-alumel thermocouples desirable. Twenty-gage ther- 
mal elements were used throughout the high-pressure system. 
This size was selected as the optimum possible, when considering 


thermal response in relation to thermowell ID and wall thickness, 


life of element, and resistance of the external instrument circuit. 
The thermowells used consisted of three types, skin, immersion, 
and vessel, 

Skin-type thermocouple assemblies, as shown in Fig. 1, were 
required in furnaces, vessel shells, and lines containing abrasive 
The assemblies were insulated to reduce radiation losses. 

The immersion-type wells were used in all clean liquids and gas 
streams. The relationship of pressure to wall thickness presented 
the principal difficulties in the design of this type well. The design 
selected, illustrated in Fig. 2, afforded a minimum wall thickness 
at the junction of the element and incorporated the lens ring or 
sealing gasket which is the standard joint seal for high-pressure 


service, 


solids. 
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TRANSACTIONS OF THE 


Measurement of temperature in vesse Is such as converters arid 


hot and cold catchpots was complicated by the requirement that 
alk thermocouples enter either the top or bottom head of the v 
The well design is identical for all vessels; 


the de- 
scription of the method used is confined to the vapor-phase con- 
verter, which contained the maximum number of couples and 
presented the added difficulty of fixed beds of catalyst. 


sel. however, 


Due‘to the exothermic reattion of the process, it is necessary to- 
introduce cooling hydrogen into the basket of the 
converter at each of the five removable grids. Hydiogen is mixed 
with the hot gases in the grid and flows downward through the 
next lower’catalyst bed. A temperature point in the middle of 

ach bed operates a diaphragm valve which controls the quantity 
of cooling hydrogen to the bed, maintaining the control tempera- 
ture. 


vapor-phase 


The pyrometer tube, as illustrated in Fig. 3, is encased in a 
shield which enables the tube to be removed for repairs without 
the catalyst falling through the grids. The shield, however, in- 
troduces a serious time lag owing to the low velocity of the gases 
in the converter and the devious path of heat transfer, 
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Fic. Varor-Puase Converter AND Pyrometer TUBE 
the pyrometer tube, it was 
necessary to seal the outlet where the 12 pairs of thermocouple 
wires leave the v This was done by using a drilled soapstone 
bushing tapered at both ends. By tightening a follower nut the 
soapstone crushes around each wire and tightly seals the pressure 
in the pyrometer tube. To indicate hydrogen penetration by in- 
creased pressure, a special fitting was installed in the pyrometer 
tube above the vessel with a pressure gage and vent valve. 
Temperature measurement and control were obtained by using 
standard electronic strip-chart multipoint recorders, circular- 
chart recorder controllers, and multipoint, self-balancing, preci- 
sion indicators with switch cabinets of 48 and 96 points. 
Temperature controllers were designed with manual by-pass 
panels, and it was felt necessary to incorporate full throttling and 
Multipoint recorders and con- 


Due to hydrogen penetration of 


vessel. 


automatic-reset-type control. 

trollers were equipped with high-temperature alarms which ac- 

tuate the annunciator system.. All ranges used on these instru- 

ments were standard, except one special circular-chart controller 

for controlling the vapor-phase feed temperature to the converters 
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by introducing cooling hydrogen to the stream. This instrument 
is unusual, in that its range is 850 to 900 F—a span and suppres- 
sion not normally found in potentiometer-type instruments. This 
was necessary owing to the narrow span in which maximum hy- 
_drogenation efficiency is obtained. 


Pressure INSTRUMENTS 

Static pressure measurement was made with conventional 
alloy-steel Bourdon tubes in ranges to 20,000 psi. These instru- 
ments include indicating pressure gages, nonindicating pressure 
controllers, and indicating pneumatic transmitters. 

The indicating gages are 8 in. diam, with safety features such 
as shatterproof glass and rupture-disk backs. Connections were 
made by using '/:-in. straight pipe thread with annealed-copper 
gasketS as normally found in hydraulic work. Pressure elements, 
inStalled in liquid services were equipped with a special high- 
pulsation damper normally required on 
services from reciprocating pumps. The measurement of static 
pressures in streams containing abrasive solids required special 
consideration, and for this-purpose @ diaphragm or “homogen- 
izer”’ gage was used with flushing-oil connections to prevent plug- 
ging. This gage consists of a liquid-filled Bourdon tube actuated 
by the flexing of a flat-bulb-type diaphragm. 

Nonindicating pressure controllers, ranging to 15,000 psi, were 
of conventional design, with special differential-cone-type high- 
pressure connections. As a protection against rupture of Bourdon 
tubes, excess-flow check valves were installed ahead of each tube. 
Transmission to recorders and ‘recorder controllers was perfornied 
pneumatically by.the conventional bellows system. 
were of the full-throttling type. 


pressure-design as 


Controllers 


FLow INSTRUMENTS” 

Flow measurement was made in streams consisting of hydro- 
gen, 
by using a sharp-edged orifice in all cases except cooling hydrogen 
streams, where the small flow. made orifice-plate measurement 
impractical. Orifice-plate design coefficients had to be estab- 
lished by extrapolation for the */s-in. to 2-in-ID special tubing. 
Additional problems were presented owing to pulsation from re- 
ciprocating pumps and compressors and the necessity of using 
nonstandard pipe taps of 8 diameters upstream and 8 dismeters 
downstream to meet construction requirements of the lens ring 
joint, the lens gasket of which is incorporated as part of the ori- 
fice plate. It is anticipated that experimental data will be col- 
lected during operations to modify the preliminary design co- 
efficients. The materials handled also required the use of acces-— 
sories, such,as seal pots, flushing oil and hydrogen purges, and 
steam tracing of meter legs. 

For streams of small volume in the range of 100 cfh at operating 
conditions, a second type of primary element was used. The 
design consists of a helical rotor suspénded on instrument pivots 


vapors, clean liquids, and liquids containing abrasive solids 


‘against jeweled bearings and contained within a high-pressure 


housing. A small alnico magnet is mounted on the rotor and as it 
-turns, generates ‘an alternating-current voltage in a pair of coils 
placed in the assembly. These coils are in series and connect to 
weatherproof terminals. The output from the transmitter is of a 
few millivolts magnitude, with frequency and amplitude propor- 
tional to the rate of turning of the rotor. This alternating-current 
voltage is fed to the receiving unit. A proposed alternate method 
for this service, was an electric transmission-type rotameter; 
however, it was felt that a development such as the helical rotor 
if proved practical, would be more suitable for the services and 
would be considerably cheaper. ; 

The receiver for the rotor-type transmitter consists of 0-100 d-c 
panel-mounted microammeter. As the output of the transmitter 
is alternating current of a small magnitude, it must.be rectified 
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and measured on a direct-current instrument. This rectification 
is done by a copper-oxide rectifier circuit and owing to the non- 
linear characteristics of the rectifier, it is necessary to bias the 
rectifier with a direct-current voltage to gain linear characteristics. 
Due to‘the biased voltage on the rectifier, it is further necessary to 
provide an opposing bias current on the indicating meter. This 
biasing current is supplied from a stabilized 6-volt d-c supply 
common to the 12 rotor installations in the plant. 

Orifice-plate differential measurements were made by two types 
of transmitters. One consisted of a special 200-in. high-pressure 
mercury-filled manometer with an inductance-type transmitter. 
The transmitter consists of a soft-iron armature attached to the 
float and moves up and down in a nonmagnetic tube surrounded 
by a center-tapped inductance coil. Due to changing differential 
pressures, the position of the armature varies with respect to the 
center tap of the inductance coil. This movement changes the 
relative inductance of the two halves, the over-all inductance re- 
maining constant. 

The receivers for the mercury-manometer-type transmitters 
are a special adaptation of the electronic self-balancing recorder. 
They contain a transformer supplying 5.0 or 6.3 volt a-c for 
power to the system, and a self-balancing slide-wire which re- 
positions itself to balance the voltage changes produced by the 
inductance-type transmitters. In other words, an alternating- 
current resistance-inductance Wheatstone bridge is formed be- 
tween the transmitter and receiver. The simplified wiring dia- 
gram is shown in Fig. 8. It was necessary to use the more sensi- 
tive-type receiver rather than the standard electric-inductance 
flow receiver, as the changes in inductance produced by the trans- 
mitter-armature movement are much smaller than in the standard 
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transmitter: This reduction was a result of the heavy wall thick- 
ness of the nonmagnetic tube in the transmitter to withstand the 
higher operating pressures. These receivers are in all cases re- 
cording,.full-throttling, automatic-reset, pneumatic controllers. 

The second type consists of a high-pressure housing containing 
a@ measuring diaphragm and a sealing diaphragm between which 
is located an unbonded strain bridge or displacement transducer 
element immersed in a silicon liquid and connected to the measur- 
ing diaphragm, as shown in Fig. 4. 

The displacement transducer element is shown in Fig. 5. It 
consists of a frame / supporting a movable armature F by two 
thin cantilever plates. Four sets of constant filaments, A, B, C, 
and D, are strung under initial tension between the frame and 
armature. When the armature is displaced longitudinally, two 
sets of filaments are elongated while two sets are shortened. The 
elongated filaments increase in resistance, and the shortened fila- 
ments decrease, The change in resistance of the filaments is pro- 
portional to their change in length. The transducer is so wire | 
that the filaments are connected in a Wheatstone-bridge circuit. 
The resistance change of the filament alters the electrical balance 
of the bridge so that an electrical current flows in the output cir- 
cuit. The reverse side of the transducer is shown in Fig. 6; G 
indicates the cantilever plates which support the armature; H is 
the linkage pin by which movement from the measuring dia- 
phragm is transmitted to the armature; / is a stud attached to the 
armature which limits the movement of the armature to 0.0015 
in. in either direction. This stop serves to protect the filaments 
against mechanical overload. The resistor K is a trimmer placed 
in series with one of the bridge elements. It is adjusted to equal- 
ize the resistance of the four elements of the bridge. If the bridge 
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is balanced at zero output before the displacement is‘applied, the 
unbalanced electrical output of the bridge bears a linear relation- 
ship to the displacement. The complete wiring diagram, includ- 
ing transmitter and receiver, is shown in Fig. 7. 

The receivers for the differential strain transmitters are also 
special, although different adaptations of the electric self-balanc- 
ing potentiometer. In this case it is an alternating-current poten- 
tiometer with both the strain bridge in the transmitter and the 
slide-wire in the receiver being supplied power from the same 
transformer located in the receiver. An alternating-current po- 
tentiometer-type circuit was chosen because by connecting the 
four strain elements in a bridge, the largest and most easily 


measured output could be obtained. The output is in the order 


of 25 millivolts for full seale deflection of the receiver whereas, 
had a resistance-measurement-type circuit been used, the total 
resistance change for full scale deflection would have been very 


small with the type of unbonded strain gage used. The span - 


and zero adjustments are accomplished by means of a poten- 
tiometer rheostat network located in the receiver and shown on 
the simplified wiring diagram in Fig. 7. These receivers are in all 
cases circular-chart recorders. 

It can be noted from the foregoing description that two dif- 
ferent types of transmitters were used for differential flow mea- 
surements. Either type could have been used throughout. The 
mercury-manometer type was chosen for all control applications, 
as it seemed to offer the best possibility of maintaining its calibra- 
tion over a long period of time while the strain-element type is 
known to have a zero calibration shift with time. The strain type 
was chosen for straight flow recording on the basis that it was 
cheaper, and that an instrument of this type should be developed. 

DIFFERENTIAL-PRESSURE INSTRUMENTS 

Most of the differential-pressure measurements in the demon- 
stration plant were made for collecting experimental data on such 
items as plastic flow of viscous fluids and exchanger fouling fac-, 
tors. Very few data are available, particularly at high pressures, 
on the plastic flow of viscous fluids such as coal paste with a vis- 
cosity of 4750 centipoises at 200 F, and a Reynolds number con- 
siderably below the range of laminar flow; and it is therefore 
hoped that friction factors and empirical formulas may be de- 
veloped by the differential-pressure data obtained. Differential- 
pressure measurements are also used as an indication of changes 
in fouling factors of exchanger equipment due to coke, salt, and 
hydrates; and for process control of water-injection rates neces- 
sary to reduce the scale and salt deposits in the exchanger tubes. 

The primary measuring element and transmitter for these 
measurements is a differential strain gage as previously described 
in the flow section with modifications to the diaphragms for ranges 
of 100, 350, 500, and 1000-lb differentials. 
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The receivers for these measuring elements were an adaptation 
of a multipoint strip-chart potentiometer recorder. The basic 
electric circuit for each point was the same as previously de- 
scribed for single-point recorders under flow measurement; how- 
ever, owing to the inherent difficulties in manufacture of the 
strain element, the calibration factors for each transmitter were 


different and required a separate span and zero adjustment for - 


each point recorded. This span-and-zero adjustment for each 
transmitter was located behind the receiver case. 

Automatic control of differential pressure was used in only two 
cases—the total differential pressure across the hydrogen-recycle 
compressors in the vapor-phase and the liquid-phase systems, 
Both systems are closed and operate independently. It was 
necessary to by-pass part of the recycle hydrogen at a high enough 
pressure, to. be assurec at all times of a sufficient pressure differ- 
ential to force a controlled flow of cooling hydrogen into the con- 
verter, while still maintaining a constant flow of process hydrogen 
and feed to this same converter. To accomplish this, an excess of 
recycle compressor capacity is maintained at all times at a pres- 
sure differential of from 500 to 750 psi. This differential-pressure- 
recorder controller is the most important single controller in 
either phase, as enough cooling hydrogen must be available to 
prevent a runaway condition due to the exothermic reaction. 
These receivers are pneumatic, full-throttling, automatic-reset, 
circular-chart-recorder controllers, equipped with manual by-pass 
panels. 


Liquip-LEVEL INSTRUMENTS 


Level measurement and transmission for all high-pressure ves- - 


sels‘ was accomplished by using 50-in. high-pressure mercury 
manometers ef the type previously described in the section on 
flow instruments. . 

The receivers are circular-chart-recording, full-throttling, auto- 
matic-reset, pneumatic controllers with manual by-pass panels. 
The electric circuit for the receivers of the mercury manometers 
is the same as that used for the manometer-type flow receivers 
previously described. 

The liquid-level measurement and control of the hot catchpot 
was the most difficult installation and is therefore described in 
detail. The hot catchpot is a vessel 24 in.. 1D X 38 ft high and is 
used in the process as the hot liquid-vapor separator.. The liquid 
flow to the hat catchpot is intermittent, and the sudden surges 
must be minimized by efficient control. The heavy-oil bottoms is 
a liquid containing approximately 35 per cent solids, consisting 
of unreacted ceal, ash, and catalyst, and a high percentage of ab- 
sorbed gases. From the foregoing description it can be seen that 
this service presented many problems as to measurement, control, 
and maintenance; therefore three separate and distinct level 
systems were employed. Two were of the pneumercator or 
bubbler-tube type in conjunction with 50-in. mercury manom- 
eters, and the third was of the gamma-ray type described later. 
The pneumercator liquid-level measuring device consists of a 
mercury manometer connected to tubes entering the top of the 
vessel. One tube is terminated near the top to measure the static 
pressure while the other extends into the vessel to a point near the 
bottom. The liquid head on the second tube produces the dif- 
ferential on the manometer. Hydrogen is introduced into the 
two manometer leads through two flow recorders in one case and 
through capillary throttling devices in the other. The arrange- 
ment is shown in Fig. 9. 3 

Owing to the severe service conditions of the hot catchpot, it 
was felt that an additional type of level measurement and trans- 
mission Should be employed. This is an electronic instrument 
utilizing gamma radiation which is capable of measuring changes 
of level through the heavy wall of the vessel without the use of an 
access opening. The gamma rays are produced as a result -of 
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natural disintegration of radium in a capsule located within the 
vessel. The number of gamma rays that penetrate a section of 
the vessel wall are counted and averaged by a suitable Geiger 
counteramplifier-integrator circuit, which supplies an output of 
0-50 millivolts dc. The intensity of the radiation from the radium 
source varies with the distance from the source to the counter and 
with the densities of various materials intervening. The counter 
is located about 2 ft higher on the outside of the vessel than the 
radium sources on the inside; therefore, as the liquid rises above 
the source, the radiation received at the ‘counter is progressively 
reduced by this intervention of.a material of a higher density. 
The reduction of intensity continues until the liquid level is 
directly opposite the counter producing a 2-ft operating range.‘ 
The electric circuit of the receiver is a conventional self-balanc- 
ing potentiometer with a range of 0-50 millivolts d c. 

The manometer transmitters were wired through a switch on 
the control panel so that either of the two transmitters could be 
used on a common receiver controller. The output control air of 7 
this receiver was manifolded’ with that of the gamma-ray re- 
ceiver controller so that either could be used to control the level in 
the hot catchpot. This controlled air operates either of the two © 
diaphragm control valves of the severe throttling type, which re- 
move the heavy-oil bottoms from the hot catchpot. “A dual valve 
installation was required owing to the severe erosion caused by the 
675-atm pressure drop of the material handled. 

Special designed 15,000-psi test gage glasses also were installed 
on each of the vessels for manual operation and setting of control 
points. 
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MISCELLANEOUS EQUIPMENT 


Two other types of instruments deserve mention: The thermal- 
conductivity hydrogen-analyzer recorders, and ‘the Ranarex 
specific-gravity recorders, which‘are used as a check on the com- 
position of the gas streams in both the liquid and vapor phase. 
The instruments are of conventional design. The continuous 
samples,to these instruments were taken from the hydrogen re- 


‘ For further information on the type 79D1 Gagetron refer to the 
Engineering Laboratories, Inc., Tulsa, Okla. 
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(1). §9® INCLUDED ANGLE 


cycle lines through 1-mm capillary tubing which was used to 
partly reduce the pressure and to reduce line volume to increase 
speed of response of the analyzers. The final high-pressure drop 
was taken across double manual throttling valves into a 10-in. 
WC bubbler, with part of the sample vented to atmosphere and 
the balance going to the hydrogen-analyzing cell and the gravi- 
tometer. 

Instrument piping consisted of */,-in-ID X °%/i-in-OD type 
304 stainless-steel tubing, tees, connectors, and valves. Con- 
nections were made by use of a differential cone seal, as shown in 
Fig. 10. The connections were kept to a minimum by use of 
bends wherever possible. 

The construction details of the diaphragm-control-valve 
bodies are covered in a companion paper on valves and fittings; 
however, some additional description covering the control opera- 
tions is required. The valves are equipped with giant top works 
or diaphragm with 2-in. travel of the diaphragm through a linkage 
to give */s-in. travel of the inner valve. To insure ample power 
and accurate positioning of the inner valve, all control valves are 
equipped with valve positioners set for the 4/s-in. travel. The 
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Fic. 10 InstruMent-Prpinc ConNECTIONS 
port sizes range from '/s in. to '/, in. diam, and the plugs are — 
characterized. 

An elaborate annunciator system was installed with a normal — 
amber light and an abnormal red light for each alarm circuit. A 
common howler with a reset button was used. The common- 
howler reset button will silence the howler for that circuit which 
has become abnormal, leaving the red light on and clearing the 
howler for operation from one of the other alarm circuits. The 
alarm circuits are used for high skin temperatures, thermocouple 
burnouts, high and low levels, low steam pressure, and low coal- 
paste pressure. 


CONCLUSION 


The special instruments described were developed primarily for 
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the project through the splendid co-operation of interested manu- 
facturers. The design of the project occurred during a period of 
peak demand for standard equipment; and it was therefore 
difficult to find suppliers to produce the equipment. Presentation 
of ideas to numerous manufacturers, even though they were not 
interested at the time, has now resulted in the development of 
some new equipment for high-pressure services. The instruments 
now in use represent the best that it was possible to develop and 
obtain but are by no means considered the only or final solution 
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to the problem. It is hoped that from operating experience and 
continued co-operation with manufacturers, improvements and 
new developments may be obtained that will be applicable not 
only to the coal-hydrogenation process but to any future processes 
of comparable services. The brief operating experience obtained 
to date indicates that some modifications and redesign will be re- 
quired; and, after further and more conclusive information is ob- 
tained, it is hoped that additional papers will be written on the 


subject. 
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Metallurgical and Fabrication Considera- | 


tions in the Coal-Hydrogenation 


Demonstration-Plant Construction 


Special equipment, special steels, and heavy wall thick- 
nesses were required to handle hydrogen and abrasive 
pastes at the high pressures and temperatures of coal 
Some metallurgical and fabrication prob- 
lems pertaining to this specialized process are discussed 


hydrogenation. 
herein. 

4 


OMPANION papers presented in this issue describe the 
An attempt will be made in 

this paper to show why certain materials were used and to 
point out some of the fabrication difficulties that were experi- 
enced, 


INTRODUCTION 


coal-hydrogenation plant. 


This discussion is necessarily limited to materials and 
equipment used for high pressures. 

The primary consideration in the choice of materials for various 
From 
German and English experience in the hydrogenation field,‘ it 
was learned that carbon steels resisted hydrogen attack at a pres- 
sure of 10,300 psig up to a temperature of 375 F. Chromium 
steels in excess of approximately 6 per cent Cr were found to be 


services is the effect of hydrogen at different temperatures. 


hydrogen-resistant at higher temperatures.’ At these higher 
temperatures, however, creep strength must also be considered. 
Above 800 F, straight chromium steels do not have high enough 
creep strength for the service conditions. These factors led to 
the establishment of three temperature classifications: 0 to 


375 F for carbon steel, 376 to 850 F for intermediate chromium 


* steel, and 851 to 1000 F for chromium-nickel stainless steel. 


PrpInG MATERIALS 


To obtain maierials suitable for high temperatures and high 
pressures, it was necessary to accept some undesirable features; 
one of these, common to all the metals, was hot-shortness. , Seam- 
less tubing was used throughout, with an approximate, ID:OD 
ratio of 1:2. Because of the thick wall involved, difficulty was 

1 Mechanical Engineer, Coal-to-Oil Denionstration Branch, Office 
of Synthetic Liquid Fuels, Bureau of Mines, Louisiana, Mo. Jun. 
ASME. 

2 Metallurgist, Coal-to-Oil Demonstration Branch, Office of Syn- 
thetic Liquid Fuels, Bureau of Mines. 

3 Assistant Chief, Coal-to-Oil Demonstration Branch, Office of 
Synthetic Liquid Fuels, Bureau of Mines. : 

‘The Effect of Highly Compressed Hydrogen Upon Unalloyed 
Steel,” by F. K. Naumann, Stahl und Eisen, vol. 57, 1937, p. 889. 

“The Effect on Various Steels of Hydrogen at High Pressure and 
Temperature,"’ by N. P. Inglis and W. Andrews, Journal of the Tron 
and Steel Institute, vol. 128, 1933, pp. 383-397. 

5 “The Effect of Alloying Additions on the Resistance of Steel to 
Hydrogen Under High Pressure,’’ by F. K. Naumann, Stahl und 
Eisen, vol. 58, 1938, pp. 1239-1250. 

Contributed by the Petroleum Division and presented at the 
Petroleum Mechanical Engineering Conference, Oklahoma City 
Okla., October 2-5, 1949, of Toe American Society or MBrenant- 
CAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
Paper No. 49 


of the Society. PET-5. 
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experienced in maintaining uniform temperatures throughout 
the metal, and it was possible for part of the wall to be in the hot- 
short range at some time during the forming operation. 

Low Temperature. The service conditions in the low-tempera- 
ture range closely simulate those found in normal refinery prac- 
tice, except for the higher pressures. Hydrogen attack on car- 
bon steel in this temperature range is not evident. Therefore 
the piping specifications were established in compliance with the 
ASME  Pressure-Piping Code, and specifically with the API 
5L, grade C, classification.6 This specification requires a mini- 
mum yield value of 45,000 psi, and specifies a maximum allowa- 
ble stress of 22,900 psi at 375 F. The most readily available 
material conforming to these specifications and adaptable to 
seamless piercing operations was MT-1040. Normal production 
of seamless tubing from this material employs a hot-roil finish. 
Due to the extremely heavy tube wall required, excessive ovality 


or squareness resulted from this procedure as shown in Fic 1 


Altl ‘ u 4 


squareness was undesirable for the following reasons: (1) Tubes 
of nonsymmetrical cross section will develop undeterminable 
2) indeterminate 
problems would result in the calculation of bending and shear 


stress concentrations due to internal pressure; 


stress caused by thermal expansion, pipe supports, and anchors; 
(3) starting points for corrosive and erosive action, sedimentation 
and coke formation would be established—especially at points 
where the squared ID of the tubing meets the round ID of the 
fittings; (4) proper fluid flow and heat transmission would be 
impaired; (5) systematic safety inspection of irregular tubes 
would be impossible. 

To eliminate squareness and give a satisfactory finish to the 


* ASME Code for Pressure Piping, 1942. 
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tubes required either boring or cold-drawing. The less expensive 
solution of cold-drawing was chosen. As a final step, the tubes 
were given a normalizing treatment for adjustment of mechanical 
properties. 

One of the inherent properties of this steel is a hot-short range 
from 1400 to 1600 F. Forming should be done in a range of 1800 
to 2000 F, and in no case should this material be cold-bent. 
Some of the tubing was found to have cracks, and it is believed 
that these cracks were caused by forming at too low a tempera- 
ture, or in the hot-short range. ‘A typical defect is shown in Fig. 
2. 


Intermediate Temperature. For the intermediate-temperature 
service, a steel with a chromium content exceeding 6 per cent 
was needed to resist hydrogen attack. Standardization of pip- 


ing was based upon the maximum allowable stress of the low- 


temperature steel; 22,900 psi at 375 F. A study was’made to 
find a material which at 850 F would have approximately this 
same allowable stress, and also have enough chromium to resist 
hydrogen attack. A stronger material would not have been 
economically sound; conversely, standardization would not have 
been possible without a material at least this strong. The most 
readily available material that could be heat-treated to give 
suitable mechanical properties and contained enough chromium 
to resist hydrogen was a 9 per cent chromium-molybdenum steel. 

This material was found to have the same tendency to square 
during the customary hot-finishing operation as had been bx- 
perienced on the low-temperature steel. It was necessary, there-" 
fore, to cold-draw this material also. For increased resistance 
to hydrogen penetration and to obtain required mechanical prop- 
erties at working temperature, the chromium-molybdenum steel 
was normalized and drawn at 1200 F: 
of this material could be expected to remain stable in operation 
because of the spread between the operating and draw tempera- 
tures. In tests on samples for 1000 hr at 800 and 900 F, only a 
minor loss could be found? in mechanical strength at room tem- 
perature or 900 F. : 

For the extreme deformation required in the piercing operation, 
9 per cent chromium-molybdenum steel should be heated to 
working range of 2000 to 2250 F. Within the range of 1500 to 
1800 F this metal is hot-short, and deformation may lead to 
cracking at the points of maximum deformation. Becatise of 
the air-hardening characteristic of this material, rapid cooling 


The mechanical properties 


7 Test Report from Babcock & Wilcox Tube Company, Beaver 
Falls, Pa., July 14, 1948. 2 


> 
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from above 1400 F could also produce cracks or checks. It is 
believed that the cracks found on some tubes of this material 
were caused by working in the hot-short range, Fig. 3. 


Hort-SuHort Cracks 1n 9 Per Cent 
, DENUM STEEL TUBE 


-Fic. 3 


High Temperatures The high-temperature requirements were 
he most difficult to meet. The material had to resist hydrogen 
ittack and have high creep strength. Again, for standardization 
yurposes, it was necessary to find-a material with a creep strength 
it 1000 F, closé to the maximum allowable stress of the low- 
temperature material, 22,900 psi. The ‘stabilized materials in 
common use did not have enough strength. Careful control 


during operation eliminates corrosion and makes possible the use , 


of unstabilized AISI type 316 stainless steel for the high-tempera- 
ture service. . Tlris steel has the highest creep strength of the 
heat-resisting stainless steels for which data are available.’ Its 
strength for 1 per cent elongation in 10,000 hr is 23,000 psi. 

AISI type 316 alloy is relatively refractory in piercing and 
rolling and has a tendency to -surface-marking. It is therefore 
common practice to cold-draw this tubing to produce suitable 
surfaces, to eliminate notches and other stress raisers, and to 
save material. In addition, some cold work is applied to achieve 
some recrystallization on heat-treatment and to produce optimum 
grain size. 


Firrincs 
The high-pressure fittings, consisting of tees, ells, and reducers, 
were forged from special steels required for the various tempera- 
ture ranges. The tees were formed by forging solid blanks into 
the proper shape; these forgings were then bored to proper insfde 


dimensions. Because of the thick walls required, it was very 


“difficult to deform the entire mass sufficiently to modify com- 


pletely the original cast structure. The ells were forged from 


straight bars, which were first bored eccentrically and then . 


formed with the heavy side on the outside of the bend, in an at- 
tempt to secure uniform wall thickness. 

Zones of weakness in the high-pressure 
tees were found in the branch run. Here a minimum of work 
was required for the actual shaping of the forging. Fig. 4 shows 
a carbon-steel tee leaking at a pressure of 8000 psi during a hydro- 
static test. Fig. 5 shows the cast (unworked) and the fibrous 
(partly worked) structures at the fractured surface of a defective 
tee, which had been broken to show the cause of leakage. 


Low Temperature. 


8’ Metals and Alloys Data Book, 8. L. Hoyt, Reinhold Publishing 
Company, New York, first edition, 1943, pp. 111 and 189-191. 
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static Test Pressure or 8000 Psi 


Fic. 6 
BY Foraeinc at Too Low a TEMPERATURE 


Other tees exhibited forging cracks, laps, and seams at the root 

. of the franches; ells had some checks and laps, but few of these 
proved to be serious. ; 
Intermediate and High Temperature. The intermediate- 

- temperature forgings were of AISI type 304, and the high-tem- 
perature forgings were of AISI type 316 stainless steel. The 
forging range of these materials is very critical and narrow; 
2200 to 1800 F. Forging at temperatures either slightly above 


or below these limits will result in cracks and checks. More’ 


blows are required to work these materials than are required for 
carbon steel, and the first few blows must be light, so as to harden 
and toughen the surface, after which heavier blows may be ap- 
plied. Because of low thermal conductivity, very rapid cooling, 
and longer forging time, reheating must be done quite often. It 
is extremely important that the hot-work finish temperature be 
adhered to, since this material tends to work-harden while still 
very hot. Fig. 6 shows a forged ell which is believed to have been 
cracked, owing to forging at too low a temperature. 


; WELDING oF TUBING 
In the fabrication of*spool pieces by welding, the metallic-are 


process was used exclusively, utilizing multipass procedure. Pro- 
cedures and: operators were qualified on the materials and thick- 


Derective AISI Type 304 Causep 


Fie. 5 Typicat Srructure or Derecrive CarBON-STEEL TEE 
Wuics Leakep Unper Hyprostatic Test 


nesses involved. The joint design employed the conventional 
37'/--deg straight bevel for wall thicknesses up to */, in.; above 
this thickness a 20-deg U-type bevel was used. Backup rings 
were not used for the following reasons: (1) The small ID of the 
tubing made it impossible to remove the rings; (2) restriction te 
flow caused by a ring would be undesirable; rings would establish 
starting points for sedimentation and coke formation; (4) dam- 
age could result to valves or pumps, were a ring to come loose; 
(5) it was demonstrated that 100 per cent penetration could be 
obtained without the use of rings. 

Tube tolerances often resulted in '/s in. eccentricity. To pre- 
vent shoulders at the joints and to assure full penetration of the 
weld, the eccentric ID was taper-counterbored at the time of — 
cutting the welding bevel. This also assured alignment of the in- 
side diameters when the outside diameters were aligned, and 
facilitated setup of the spool pieces before welding. 

* Low-Temperature Material. Welding of the MT-1040 low- 
temperature material was difficult because of the high carbon 
content. To diminish the cooling rate and hardness of the heat- 
affected zone, a preheat of 400 F was used and maintained during 
welding. The length of time the preheat was applied was gov- 
erned by the wall thickness involved. Contrary to common prac- 
tice of using electrodes with minimum tensile sirength at least 
equal to that of the parent metal, E-7010 electrode was used for 
the low-temperature-range steel. This choice sacrificed ultimate 
strength for a gain in ductility; however, yield values of the filler 
metal exceed yield values of the parent metal. The joint and the 
heat-affected areas were stress-relieved immediately upon com- 
pletion of the weld. The heat-affected zone was heated to 1250 F, 
held at this temperature for 1 hr per in. of wall thickness, and 
slowly cooled in still air. In no ease did the heat-treatment last 
less than !/,hr. No attempt was made to restore the metal to the 
normalized condition as it was felt that the stress-relieved weld 


deposit would meet the necessary tensile requirements. 


Intermediate-Temperature Material. Welding of the air-hard- 
ening chromium-molybdenum steel also required care. A preheat 
temperature of 600 to 800 F was used to insure a minimum of 500 
F, and thus prevent cracking. Upon completion of the weld, and 
without any loss of temperature, the joint and heat-affected zone 
were soaked for 2 hr at 500 F to assist martensite transformation, 
so that, upon heating to 1200 F (subcritical temperature ), hold- 
ing for 4 hr, and cooling in still air, the weld would be tem- 
pered. A filler metal of composition similar to the parent metal 
was used. 

High-Temperature Material. The austenitic AISI type 316_ 
stainless steel required a preheat of 400 F, because of its low ther- 
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mal conductivity and because of the large mass of metal involved. 
To assure an austeniti¢e weld deposit and to avoid possible sigma- 
phase formation, a 25 per cent chromium-20 per cent nickel elee- 


= _ trode was used. Because of the high-temperature service condi- 


— tion, postheat was unnecessary. 
MACHINING 


Machining of the tube ends for the flanged lens joints also pre- 


sented problems. To effect a seal, the tube ends had to have a- 


smooth machine finish on a 20-deg bevel. 
tained by means of a forming tool. 


This finish was ob- 
Hard spots in the tube ends, 
however, would cause chatter of the tool bit and result in marks 
on the eritical bevel face. Kerosene used as a cutting lubricant 
eliminated much of this trouble. 

Tube and flange threads were gaged with “go’’ 
gages. If a tube thread were near the large limit 
thread near the small limit, binding would occur. This was es- 
“pecially troublesome with AISI type 316 material, which tended 
to gall. Cutting the tube thread deeper would not remedy a 
tight fit, but only change the thread profile. 


and “no-go” 
and a flange 


However, tube 
threads could be cut slightly oversize to accommodate oversize 
flanges. To eliminate this trouble, flanges and thread taps were 
supplied to the pipe-spool fabricator so that individual fitting 
could be achieved. These flanges were then used as thread pro- 


teotors during shipping of the fabricated spool pieces. The crit- 


ical bevel faces of the pipe spools had to be well protected also, . 


for considerable time could elapse before a particular spool might 
be used. During this time the spool piece would lie in the pipe 
yard. Cosmolene was used to prevent corrosion, especially of the 
‘arbon steel, and various types of caps and plates were used to 
prevent damage. Even so, it was necessary to reface many tube 
ends before some pipe spools could be installed. This refacing 


was best accomplished by a tool similar to that shown in Fig. 7 2 


Tuse-Reracine Tor 

straight cutting edges are mounted so as tq sweep an imaginary, 
*140-deg, included, cone angle. This arrangement produces the re- 
quired 20-deg bevel on the tube end. The tool is manually oper- 
ated and care is exercised to maintain uniform rotation of the 
cutters when they are backed off. This precaution is necessary 
to prevent marking of the bevel face at the termination of the 
cut. 

The other critical element of the flanged joint 
ket 


the lens gas- 
presented no serious fabrication difficulties. In all tempera- 


® Tool designed by the Bureau of Mines, patent applied for. 
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ture ranges, the materials used for the lens gaskets were softer 
than the tube ends they were to seal. In the low-temperature 
range, the gaskets were made of AISI-1020 steel having a maxi- 
mum Brinell hardness of 140. For the intermediate and high- 
temperature lens gaskets, AISI type 405 chromium stainless stec! 
was used with a maximum Brinell hardness of 130. Impurities 
and lack of homogeneity caused voids in the middle of a forged 
‘bar of this material which did not show up until 26 pieces, ap- 
proximately 1'/2 in. long, had been cut, Fig. 8. The spherical 
surface of the lens gasket was a polished finish; however, since 


Fig. 8 


IN AISI Tyre 405 STAINLESS STEEL 
manufacture was done at the job site as needed, corrosive and 
handling damage was minimized and refacing could be accom- 
plished easily. 


OrHeR PROBLEMS 


The process equipment, including valves, pumps, -heat ex- 
changers, instruments, and vessels, is subjected to the same oper- 
ating conditions as the tubing. Special steels and careful fab- 


rication were required on these elements also. Hence special 


problems pertaining to each arose. iz 

Materials, Cemented carbide is used for disks and seats of 
throttling valves and control valves. This material is very hard, 
but also very brittle, and slight pressure will cause fracture. It is 
therefore inadvisable to close these valves completely. Where 
both control and complete stoppage of flow are required, it is 
necessary to install throttling and stop valves in series. In some 
cases: the cemented-carbide disks were replacéd with stellite or 
hardened stainless steel, having less abrasive resistance but more 
toughness. 

Two materials used for Bourdon tubes are straight 12 to 14 per 
cent chromium stainless steel and chromium-vanadium steel. 
Several chromium tubes failed after 5 days under tiydrogen prés- 
sure. Tubes of similar material have been known to fail after 
short service in refinery operation because of corrosive attack of a 
deep cellular nature which causes excessive stress concentrations 
at tube corners. Fractures of the tubes in question also originated 
at corners of the cross section, and it is believed that similar at- 
tack occurred. Two of the chromium-vanadium tubes failed 
after 24 hr under hydrogen pressure. ‘Fig. 9 illustrates a typical 
failure; in this case caused by corrosion fatigue. As a solutien to 
this problem, tube-material specifications have been changed to 
a corrosion-resistant material, AISI type 316 stainless steel. 

Welding. Welded pressure parts of equipment have to with- 
stand the same service as welded tibe joints. The proper preheat 


and postheat must ke used regardless of how small the pressure — 
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part might be; the electrode and welding bevel must be suit- 
able for the materials and the thicknesses involved. One of the 
most important requirements is qualification of the welding 
operator, 


Fig. 10 shows the weld failure of a plug connection of a sample 
bomb made of AISI-1025 steel which possesses good weldability. 


When joining light sections to heavy sections, the heavier section 
must be preheated to obtain good fusion and to avoid quenching 
the weld. The single-bead-weld fracture displayed a very brittle 
structure which would indicate insufficient preheat. 

Seal welds were one of the most frequent weld failures. Several 
plugs in heat-exchanger header blocks leaked after a short time 
under pressure, and numerous pump-block plugs leaked during 
thé pump break-in period. In both cases the weld was too small. 
Regardless of the tightness of a mechanical seal, the heat of the 
seal weld will in most cases destroy the fit. A good practice is to 
employ a seal-weld design capable of withstanding full pressure 
and to disregard any advantage that may be derived by me- 
chanical means. 

Machining. Thermocouple wells of stainless steel were difficult 
to machine. Two sizes are required: 11'/,in. long X& %/i5 in. OD 
X ID and in, long X OD X in. ID. Both 
sizes reduce down near the tip to ®/;5 in. OD X '/s in. ID with a 
wall thickness of */j. in. which is subjected to a collapsing pressure 
of 10,300 psig. The wells are turned from solid bars which are 
then drilled for the thermocouple leads. 
eccentricity, thin walls, and subsequent failure as shown in Fig 
11. To eliminate the trouble, tips of all the wells were cut. Ke- 


Drill drift resulted in, 


Fic. 12) Wetpep Ter 
centric wells were rejected and concentric wells were reclaimed by 
welding repair. Replacements were made in two sections and 
welded together. 

CONCLUSIONS 


Experience gained in the construction 
demonstration plant evinces many possible improvements. 


of the hydrogenation 


Some changes in materials and fabrication methods were made 


during the latter stages of construction. Most of these were ef-— 
fected because of a particular problem and have already been dis- 
cussed. However, one change that was made to obtain better 
weldability and to lessen heat-treatment requirements was the 
use of AISI-4130, chromium-molybdenum steel for low-tempera- 
ture tubing. 

Investigation is being continued to find the most suitable ma 
terials to be used in contact with hydrogen at high pressures and 
temperatures, 

One particular development in fabrication procedure is a 
welded-tee connection. This type of construction could be used 


to replace forged tees and thus eliminate two joints. An addi- 


tional advantage is a close control of the material involved, _ 


Fig. 12. 

Because of the seriousness of failures, one of the most stringent 
requirements in the construction of high-pressure and high-tem- 
perature plants is careful inspection. Materials must be thor- 
oughly checked as to quality and suitability. Design must be 
commensurate with service conditions. Fabrication must be in- 


accordance with the highest standards of workmanship. 
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The preheater and the heat-exchanger possibilities of 
the coal-hydrogenation process are described. Compari- 
son has been made between the demonstration and the 
German plant equipment. Emphasis has been placed on 
the importance of developing applicable high-pressure 
heat exchangers for commercial-size plants, in order to 
eliminate the preheaters and increase the thermal effi- 
ciency of the process. 


‘ important step toward improving the economic 


INTRODUCTION 


aspect of 
the coal-hydrogenation process is to achieve high ther- 
mal efficiency. Various means have been suggested for a 
. high thermal efficiency. Full utilization of the exothermic heat 
of reaction through an efficient heat-recovery system and proper 
preheater design become important in achieving this goal. Pos- 
sible improvements in’ design and heat recovery are discussed 
herein. 


Purpose or Paste PREHEATER 


The function of the liquid-phase preheater is to raise the tem- 
perature of the coal paste-hydrogen mixture at 10,300 psi‘ pres- 
sure from 250 F inlet temperature to about 815 F, before the 
mixture enters the converters. The reaction in the converters is 
highly exothermic. The amount of heat developed in the con- 
verters compares favorably with that necessary for preheating the 
paste to the reaction temperature. A summation of all of the 
reactions occurring in the converter during operations gives a 
mean heat of reaction of 800 Btu per lb of moisture and ash-free 
coal converted. This paste has about 40 per cent moisture and 
ash-free coal content (see Table 1), which means that 1 lb of 
moisture and ash-free coal makes 2.5 lb of paste. Gas is added to 
the paste in a ratio of about 16 standard ct ft per lb of paste. 
Therefare the preheating of this paste and gas requires the follow- 
ing heat quantities per pound of moisture and ash-free coal in- 
put: 


770 Btu 
570 Btu 
1340 Btu 


2.5 & 0.54 X (815-250) = 
40 X 0.02 ® (815-100) 
Total = 


From this computation it can be seen that the amount of heat 
needed for preheating the paste proper is approximately the same 
as the amount of the heat of reaction. It is obvious that with 
good heat exchange between feed and product, not only is no ex- 
ternal ’heat-needed, but a surplus of the major portion of the reac- 


1 Chemical Engineer, Coal-to-Oil Demonstration Branch, Office 
of Synthetic Liquid Fuels, Bureau of Mines, Louisiana, Mo. 

2 Special Engineer, Koppers Company, Inc., Louisiana, Mo. 

8 Assistant Chief, Coal-to-Oil Demonstration Branch, Office of 
Synthetic Liquid Fuels, Bureau of Mines. 

Contributed by ‘the Petroleum Division and presented at the 
Petroleum Mechanical Engineering Conference, Oklahoma City, 
Okla., October 2-5, 1949, of Toe American Society oF MECHANICAL 
ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—PET-1. 
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Design of Preheaters and Heat Exchangers 
for Coal-Hydrogenation Plants 


By P. W. LAUGHREY,' W. I. GWILLIM,' H. SCHAPPERT,? anv J. A. MARKOVITS? 


TABLE 1 ANALYSIS OF ROCK SPRINGS COAL PASTE | 
Weight per cent 
Moisture and ash-free coal................ 36.4 
Pasting oil (solids free)................... 55.4 
Solids in pasting 6.5 
100.0 
1,000 T 
it 
800 QUICK RISE OF 
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Fig. 1 Viscosity or Coat-Paste Freep 
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tion heat must be removed. Consequently, with a good product- 
feed heat exchange, there would be no need of a preheater. A 
small preheater would be needed only for start-up, and the size of 
this preheater would depend entirely on the length of time to 
reach full operating conditions. However, it is known that in 
the German plants, the preheater, especially for subbituminous- 
coal operation, was a very large and expensive piece of equipment 
which transmitted a large quantity of heat to the paste. The 
reason for this fact is to be found, for the most part, in the prop- 
erties of the coal paste. 


PROPERTIES OF THE PASTE 


The main property of the coal paste which may determine the 
design and size of the coal-paste preheater is the viscosity. The 
change of viscosity of paste with temperature is shown in Fig. 1. 
An analysis of coal paste is presented in Table 1. 


The products of hydrogenation, such as gasoline, Diesel oil, and 
the intermediate heavy-oil products, do not deviate from the 
ordinary behavior of natural hydrocarbons in regard to viscosity ; 
but the coal paste has a singular behavior concerning viscos- 
ity, and this is caused by the swelling properties of the coal. The 
pulverized coal and the pasting oil are mixed, thereby surrounding 
each particle of coal with oil. The thickness of the oil film on the 
coal particles is determined by the ratio of pasting oil to coal and 
the sum of the entire surfaces of these coal particles. As long as 
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the oil film has a certain thickness, the viscosity of the paste is de- 
termined mainly by the viscosity of the pasting oil; but within a 
certain range, the coal swells, and consequently the viscosity in- 
creases markedly. This happens even in the presence of hydro- 
gen, because at the beginning of the heating cycle the temperature 
is too low for hydrogenation of the coal. At higher temperatures 
hydrogenation and liquefaction take place, and the viscosity be- 
gins to decrease. The factors affecting this peculiar behavior of 
the paste are: “Origin of the coal, solids content of the paste, fine- 
ness of the coal particles, and asphalt content of the pasting oil. 
dn general, younger coals do not exhibit as marked a viscosity 
change in the swelling range. Increase of all the other factors 
mentioned tends to promote an increased viscosity of the paste in 
the stwelling range. 

Obviously, at a high viscosity of the paste, the heat transfer in 
the preheater is poor, and at a low viscosity it is good. Translat- 
ing this viscosity effect into a more usable term, that of paste- 
film coefficient, the curve shown in Fig. 2 results. In the swelling- 
temperature range the paste-film coefficient reaches a minimum, 
and it improves with the beginning of the liquefaction. Since the 
tube-wall temperatures of the preheater are calculated by means 
of the paste-film coefficient, a knowledge of the values of this co- 
efficient is very important. Characteristics of pastes derived from 
the various types of U.S. coals will be investigated in the pre- 
heater of the demonstration plant. 


DESCRIPTION OF PASTE PREHEATER 

An isometric drawing of the paste preheater is shown in Fig. 3. 
Because of the unusual viscosity and heat-transfer characteristics 
of the paste, which have been described, the paste preheater was 
designed with four separate cells, which are fired independently 
for optimum temperature control. It will be noted from the 
drawing that eight vertical hairpins are contained in each cell. 
The 2'/.-in-ID hairpins are surrounded with a 5-in-ID steam 
jacket, and the steam-jacket tube is exposed to radiant heat. 
The high-pressure tube is made of type-316 stainless steel, and 
the steam tube is made of 4 to 6 per cent chrome, and '/; per cent 
molybdenum steel with dimensions as shown. The steam jacket 
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promotes equal distribution of heat throughout the circumference 
of the high-pressure tube and aitls in controlling the tube-metal 

Design data for the paste preheater applicable to operation on 
Rock Springs coal are given in Table 2. 


OPERATION OF PASTE PREHEATER 


The paste, with a small amount of gas, enters the first cell of the 
preheater. Addition of the gas improves the flow conditions, and 
‘therefore, the heat transmission. Between ‘the first and second 
cells of the preheater, at about 570 F paste temperature, two out- 
One is a hot stream 
of hydrogen at 710 F. The other stream is a heavy solids-con- 
taining oil, called “heavy-oil letdown” (HOLD). This latter 
stream flows hot (775 F) directly from the bottom of the hot 


side streams are introduced into the paste. 
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TABLE 2 DESIGN DATA FOR Cox PREHEATER (ROCK the design velocities in the paste preheater are purposely rather 
A Maximum design low, in order to accommodate coals that hydrogenate easily. The 
Heat t duty — oo conditions demonstration-plant preheater is, therefore, suitably designed to 
6560000 4 solve all the problems involved in experimentation with all 
740000 varieties of American coals. 


Quantity input, lb per hr: 


Cal 20183 LARGE-ScaLe PasTE-PREHEATER INSTALLATIONS 
Heavy oil letdown 2500 
Hot’ paste gas at 710 F............ 3500, All German preheaters were of the convection type. Tubes 
A Total es ; were arranged vertically in the form of hairpins in narrow cells in 
Steam into jacket (400 psig at 700 F), Ib which flue gas was circulated at fairly high velocity. These hair- 
Inlet pressure, psig 10000 pins were finned tubes with an outside:inside surface ratio of 
Maximum working pressure, psig 10300 20:1, to compensate for the low film heat-transfer coefficient on 
Pressure drop, steam, peig. 200-220 
Fire »box temperature, deg F ‘ 1400 the flue-gas side. Tube-metal temperatures were controlled by 
lue-gas temperature leaving furnace, deg 1200 
oar ve, dee 10400000 regulating the quantity and temperature of the circulated flu 
Furnace efficiency , per cent. 65 gas. 


A plan view of such a preheater is shown in Fig. 6. The 
catchpot and is boosted with a surge-type pump. The injection —jnlet connections for heavy-oil and hot paste gas, shown in this 
of these two hot streams produces a sharp temperature rise in the drawing, indicate that the swelling range of the coal in this pre- 
paste to about 630 F, thereby causing the paste to pass over the heater was bridged in a similar manner to that in the preheater of 
swelling range of the coal quickly. Also, enough hydrogen is in- the demonstration plant. 
troduced into the paste to start the liquefaction of the coal. All things being equal, such as duty and maximum allowable y 

The velocity in the coal-paste preheater is an important design — tube-metal temperature, the total heating-surface requirement, 
factor, For the foregoing design conditions the velocities are based on inside area of the high-pressure tube is approximately 
cell No. 1,3 fps; cell No. 2,8.5 fps; cell No. 3,9 fps; cell No. 4, 9.5 
fps. 


the same for the finned-tube convection-type, the radiant-type, 
or the steam-jacketed radiant-type preheater of the demonstra- 
The velocity in the last three cells is increased owing to the — tion plant. The reason for this fact is that the paste film repre- 
addition of the hot gas and heavy-oil let-down. In the German sents 80 to 90 per cent of the total resistance to heat flow; there- 
plants, experience showed that a velocity of 15-20 fps was quite fore it is the determining factor in calculating the total surface 
suitable for 4-in-ID preheater tubes. This velocity range assured requirement. The resistance to heat flow on the outside of the 
a uniform flow of paste throughout the preheater, was under the high-pressure tubes is lowered by the compensatory highly 
erosion limit of approximately 25 fps, and did not cause an ex- finned surface in the convection type, and the high-velocity steam - 
cessive pressure drop across the preheater. flow in the steam-jacketed radiant type. A proper selection of a 
Operating conditions for Rock Springs coal have been estab- preheater for large-scale installations, therefore, must discard the 
lished, and various temperatures in the preheater under these convection type because of the added capital cost of fabricating 


conditions have been calculated as shown in Fig. 4. Fig. 5shows | the finned surfaces and the auxiliary equipment such as ducts and 4 
that even if some coking of the tubes should occur, only a slight blowers. In comparing the conventional radiant type with the | . 
decrease in throughput is required to maintain tube-metal tem- — steam-jacketed radiant-type preheater, the operational features ¥ 
peratures below the maximum allowable, 1000 F. of the latter such as uniformity of heat distribution, prevention of ~ 

The throughput of various coals in the demonstration plant coking, and optimum process control, must outweigh its slightly — : 
will vary according to the ease of hydrogenation, and therefore — greater cost. It is conceivable that in the plant of the future a : 
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conventional radiant-type preheater with low heat densities would 
be feasible. It can be designed along the following lines: The 
multicelled setting would take the form of a long, rectilinear box 
with hairpin tubes suspended from the roof in the center of the 
box. Firing would take place on each side of the box with short- 
flame burners and good burning characteristics, permitting wide 
variations in firing rate, with minimum percentages of excess 
air. 


Vapor-PHASE PREHEATER 


For the first time in coal hydrogenation at 10,000 psig, a radiant- 


type preheater is used in the vapor-phase hydrogenation demon- 
stration plant. This preheater is gas-fired, contains thirty 11/,-in- 
ID type 316, stainless-steel horizontal tubes arranged in two par- 
allel streams, and has a design duty of 1,890,000 Btu per hr. Feed 
to the preheater consists of middle oil from the liquid-phase opera- 
tion (620 F end point), and recycle oil from the vapor-phase dis- 
tillation, which, together with hydrogen, comes from the product- 
feed exchanger with a temperature of about 780 F to the pre- 
heater. The preheater superheats the oil vapors to reaction tem- 
_ perature or to about 900 F. 
Design data for the vapor-phase preheater are given in Table 3 
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TABLE 3 DESIGN DATA FOR VAPOR-PHASE PREHEATER 


Maximum design 
conditions 


Heat duty, Btu per hr 1890000 


Quantity input, lb per hr—vapor......... 
Inlet pressure, psig... ... 
Maximum working press 


Flue-gas temperature leaving 
Heat fired, Btu per hr (max) 
Furnace efficiency, per cent.............. 


Both the liquid- and vapor-phase preheaters were furnished by 

Alcorn Combustion Company, Philadelphia, Pa. 
Heat ExcHANGERS 

The foregoing discussion shows how important it is to provide 
good heat exchange and how necessary it is to utilize fully the 
heat of reaction in the converters. 
however, was purposely not designed for maximum heat recovery, 
since the additional expense could not be justified in such a small 
plant. Thirty-one 
exchangers are designed for low-pressure service in the distillation 
and storage areas. Nine exchangers are designed for 700-atm 
All ex- 
cept the HOLD cooler are double-pipe exchangers, and only two 


There are 40 heat exchangers in the plant. 


operation in the liquid--and vapor-phase hydrogenation. 


of these high-pressure exchangers service process streams with the 
full 10,300 psi in both tubes. The wall thickness of the inside tube 
in these two exchangers is only 8 gage. It is designed for a dif- 

ferential pressure of 2000 psi so that testing and starting has to be 
‘done with both tubes under pressure. The other high-pressure 
exchangers are designed with full 10,300 psi operating pressure on 
the inside tube, the outside tube consisting of a low-pressure tube 
jacket in which either cooling water or low-pressure oil is flowing. 
The tube jackets are constructed of carbon steel, and the high- 
pressure tubes of 8-10 per cent chrome and '/: per cent molyb- 
denum alloy, The HOLD cooler is a foreed-draft air cooler with 
eight hairpins, made with Croloy-9M tubes, 30 ft long and 1 in, 
ID, connected in series flow. The cooling air passes downward at 
58 fps through a 64-in. X 10-in. rectangular duct enclosing the 


HEAT IN 
HOLD 


| 3,030,000 


The demonstration plant, 


HEAT TO COLD CATCH POT 


hairpins. All exchangers in high-pressure service were supplied 
by Industrial Engineers, Inc., Los Angeles, Calif. 

The demonstration plant was designed in order that the follow- 
ing information may be obtained: (1) Heat balances to determine 
where the different heat quantities occur and in what relationship 
they occur; (2) the type of heat-exchange equipment most suita- 
ble for a particular heat-exchange job; and (3) determination of 
film heat-transfer coefficients and fouling factors. This informa- 
tion will be obtained on only the high-pressure equipment, since 
heat-exchange design in the low-pressure area follows conven- 
tional petroleum-refinery practice. All of the points mentioned 
must be investigated with the view of obtaining design data for 
commercial plants. As an example of the type of information to 
be obtained, a heat balance around the liquid-phase stall of the 
demonstration plant has been calculated as shown in Table 4 and 
summarized in Fig. 7. 

Although this heat balance is applicable to the demonstration 
plant, the heat ratio of the top and bottom products will be main- 
tained in commercial plants. This ratio is approximately 12,000,- 
000 : 3,000,000 Btu per hr or 4 to 1. Heat exchange can best be 
carried out on the top product. The heat balance shows that the 
heat contained in the top product is sufficient to supply the fol- 
lowing requirement: 


Heat required: 
2,750,000 
6,740,000 


3793 lb per hr hydrogen 
20,183 lb per hr paste (preheater) 


Heat available from top product of the hot catchpot, 
Btu per hr......... 


12,280,000 

It can be seen that the heat required is only about 75 per cent of 
the heat available. The problem is how to utilize fully this heat, 
and one answer to the problem may again be found in later Ger- 
man developments. These developments introduced a heat-ex- 
change procedure in which two paste streams of different solids 
content were used. Thick paste with a total solids content of 53 
per cent was heated in an exchanger train up to its swelling tem- 
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TABLE 4 HEAT BALANCE—LIQUID-PHASE STALL COAL-HYDROGENATION DEMONSTRATION PLANT, ROCK SPRINGS COAL 


-Heat in—— 
lb per hr 


spec. heat 


(Reference temperature, 125 F) 
——-Heat out 
lb per hr 


M Btu per hr 


At deg F 
Heat to cold catchpot (hot 


Spec. heat 


At deg F 


M Btu/hr 


Feed preheat: 
Paste.... 
Paste gas 


(250-125) 
(250-125) 


20185 


293 


1100 
80 


Recirculated gas (He 
* by heat exchange 
Preheater duty... 


(710-125) 
(800-250) 


(125-125) 


2700 
6740 
Cooling gas (Ha)... 
Total heat into con- 
verter 10590 


Heat of reaction 5600 * 


Liquid-oil product....... 
Hydrogen-gas product 
Unreacted Hz gas..........*. 3375 1.31 
Water formed in reaction 
Cooling gas 


Heat in HOLD (Hot catehpot 
* bottoms) ‘ 


catchpot overhead) 


5080 
750 


3400 


(880-125) 
(880-125) 
(880-125) 


0.62 
0.76 


660 1300 Btu per Ib 
2220 1.31 (880-125) 
Total 18327 

73869 (800-125) 
26196 


0.57 


Total..... 


Radiation loss. 


Total 26196 16190 

perature of 570 F. A thin paste with 42 per cent solids contént 
made by diluting the thick paste with pasting oil, was heated in 
another exchanger train up to full reaction temperature with no 
difficulty. 
maining heat supplied in a small preheater. 
not as advantageous as it should have been because of wide fluc- 


These two streams were then combined, and the re- 
This procedure was 


tuations in solids content of the various paste batches due to poor 
mixing technique. 

It is anticipated in a projected 30,000-bbl per day coal-hydro- 
genation plant that a nearly perfect heat exchange can be 
achieved using a single paste with 47 per cent total-solids content. 
To do this, however, improved mixing controls must be intro- 
duced in order to insure a constant quality of paste. The prepara- 
tion of the coal must also be such that all fines are eliminated from 
the process coal. These‘may be burned in ‘the power plant. ,The 
heat-exchange system for the 30,000-bbl per day plant is shown 
in Fig. 8. The paste flow is divided into two streams, in such a 
manner that the larger stream (approximately 75 per cent), is 
heated up in exchangers to the reaction temperature without a 
preheater. The smaller stream is heated in exchangers to as-high 

4 


BUNOLE TYPE HEAT EXCHANGERS 


— 


Total 26196 16190 
a temperature as the remaining heat will allow, and further heat 
requirement is supplied with a small preheater. The extent of 
improvement by ‘carrying out thé foregoing procedure can be 
shown by comparison with conventional German design, that is, 
3 times the German throughput can be obtained with the same 
number of preheaters of smaller duty. “ 

Since the total heat requirement of the process can be supplied 
from the top products of the hot catchpot, the question arises as to 
‘how the heat from thie bottom products can be used economically. 
There are several considerations as follows: 

1 In the demonstration plant, the feasibility of a flash dis- 
tillation of the hheavy-oil let-down (HOLD) will be’ determined. 
Therefore it may be possible that in larger plants the bottom 
product of, the hot catchpot may be flash-distilled without cool- 
ing. 
2 If it becomes necessary to cool the HOLD for other treat- 
ment, such as centrifuging, steam can be produced by jacketing 
the HOLD lines. 

3 If there is no need or demand for steam, the temperature 


can be lowered by a combination of air-and-water cooling. 
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There is no hot catchpot in the vapor-phase hydrogenation 
plant, and the heat of reaction is very high. Therefore a better 
heat exchange can be established in the vapor phase than in the 
liquid phase. The vapor-phase section can be operated without 
any external heat supply. Only a small preheater is necessary for 


_starting-up operations. 


‘eThe heat exchangers which were used in Germany were the 
shell-and-tube type designed for 10,000 psig operating pressure 
and placed in a vertical position. The bundle was inserted in a 
high-pressure internally insulated vessel and connected outside 
by means of a stuffing box on the top of the heat exchanger. The 
paste-feed stream flowed outside the tubes from bottom to top, 
and the. product inside the tubes from top to bottom. The center- 
to-center distance of the tubes was determined by fabricating 
limitations and by the composition of the paste feed, that is to 
say, by the clogging tendency of the paste to form bridges between 
the tubes. A single design and size were used in both liquid-phase 
and vapor-phase operation. The tubes‘of this exchanger, were 
designed for the full operating pressure of 10,000 psig. The 
bundle was designed with 199 tubes, (0.55 in. ID * 0.91 in. OD), 
about 57 ft long, for use in a high-pressure vessel of 22 in. ID. 
The average heating surface was 2150 sq ft. Originally, forged 
shells were used, but later designs were based upon wrapped or 
spiral-wound construction. 

In designing high-pressure heat exchangers for commercial 
plants, consideration has to be given to:: (1) The thickness and 
material of the tube walls; (2) the minimum distance between 
center to center of the tubes; (3) pressure difference of the gas- 
recycle compressors, in order to determine the cross section of the 
heat-exchanger bundle; and (4) equal distribution of the product 
and the feed through the heat exchanger. 

In special cases, for instance, with the heavy-oil letdown, 
double-pipe exchangers are quite effective. The HOLD stream 
flows through the tubes and the medium to be heated through the 
annular space. These double-pipe exchangers for 700-atm design 
pressure are cumbersome, owing to the extreme wall thickness. 


CoeFFICIENTS 

Film heat-transfer coefficients of all gases increase greatly with 
pressure at constant linear velocity, as shown in the calculated 
example for pure hydrogen in Table 5. This, combined with the 
fact that the thermal conductivity of hydrogen is about 10 times 
that of other gases such as nitrogen, carbon monoxide, and carbon 
dioxide, makes for high film coefficients in coal-hydrogenation 
heat-exchange equipment. 

The principal consideration in determination of the film co- 


TABLE 5 EFFECT OF PRESSURE ON FILM HEAT-TRANSFER- 
COEFFICIENT OF PURE HYDROGEN 


-—————Pressure 
1 atm 20 atm 700 atm 
Standard cu ft per hr at 60 F 1000000 1000000 1000000 
‘u ft per hr at flow. garg : 1000000 56000 2250 
Pounds 5320 f 
Density, lb per cu 0.00532 


Mass velocity, ib per sec-ft?. arnede 0.266 
Calculated film heat-transfer coeffic ient, 
Btu per hr-ft-deg F.. 9 


fouling factor also becomes very important. Fouling is quite — 
rapid on new exchangers; therefore a film coefficient of about 110 — 
Btu/hr-ft*deg F for hydrogen of 80-90 per cent purity flowing | 
at a velocity of about 15 fps, is a reasonable design figure. 

Since coal paste is always heated up in the presence of hydro- 

gen, its high thermal conductivity increases the film coefficient of | 
the paste. The film coefficient is highly dependent on the solid 
concentration of the paste, and also on the fineness of the pul- 
verized coal; but the fact was established in Germany that the 
film coefficient for the same paste was higher in the heat exchangers 
than in the preheater within the same temperature range. This 
effect was contributed to a better flow distribution through the 
heat-exchanger bundle. The film-coefficient values varied from 
80-120 Btu /hr-ft*-deg F in the paste heat exchangers with a paste 
velocity of 8 fps. 
- Film coefficients range from 130-160 Btu/hr-ft*deg F for mid- 
dle oil and hydrogen in the relative portions used in vapor-phase 
hydrogenation where 15 to 30 cu ft of hydrogen is used per Ib of 
oil at velocities from 6 to 15 fps. This range applies after a 
few months of operation. , 

The film coefficients for heavy-oil letdown (HOLD) have been 
determined from German data on air coolers. This coefficient 
varies with solids and asphalt content of the HOLD, but an 
average figure for this coefficient is 90 Btu/hr-ft®-deg F at veloci- 
ties ranging from 9 to 15 fps and at temperatures above 400 F. 

The German data quoted in this report were useful in designing 
the demonstration plant, and it is hoped that the operation of the 
plant will furnish the necessary information on all varieties of 
American ‘coals. When these data are determined, perhaps an 
ideal heat-exchange system for future big-scale plants can be de- 
signed in both phases, and the use of both preheaters will become 
obsolete. 
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_ Considerable mathematical difficulty has handicapped 
the designer in the application of the hydrodynamic theory 
of lubrication. This difficulty arises essentially from the 
shapes assumed by the oil films. In 1918 Lord Rayleigh 
gave a detailed analysis of the simple slider bearing, 
neglecting the side-leakage effect, in which he determined 
that the greatest load capacity occurs when the slider 
element gives a stepped convergence to the oil film. From 
the simple geometry of this oil film, a solution, taking 
account of side leakage, might be obtained fairly easily. 
The author proves this to be so, and gives solutions for the 
case of rectilinear motion with finite bearing width, and 
also the more practical sectorial case of a thrust bearing. 


PPLICATIONS of the theory of lubrication have been 

A handicapped by the considerable mathematical difficul- 

ties encountered in the solution of practical problems, 

ven in the elementary case of a flat inclined plate of finite width, 

the solution, given by A. G. M. Michell, is so difficult as to dis- 

courage much hope for the solution of many other practical prob- 
lems, 

Much of the mathematical difficulty arises from the shapes 
taken by oil films. Therefore, if a bearing can be devised in which 
the oil film has a simple shape there is a good prospect that an 
analytical solution can be given for its performance. é 

It’ might be thought-impossible to obtain an oil-film shape 
simpler than that given by the inclined flat plate, but there is such 
a shape. At least there is a configuration much simpler to deal 

with in the lubrication problem. ‘ 

In 1918 Lord Rayleigh? gave a detailed analysis of the simple 
slider bearing neglecting the side-leakage effect. He considered 
various shapes for the surface of the slider element. After showing 

; very slight improvement in the load capacity when the slider sur- 
face was curved instead of being flat, he then set the variational 
problem to find the best possible shape from the point of view of 
load capacity. The result of this analysis was to show that great- 
est load capacity occurs if the slider element is made as shown in 
Fig. 1, giving a stepped convergence to the oil film. 

The results of the flat inclined slider-bearing calculation, when 
side leakage is neglected, are well known. For a given viscosity, 
speed, length of slider, and minimum film thickness, u, U, ¢, and 
h,, respectively, the maximum load per unit width is given by 


With the shape given by Rayleigh it is possible to have a 
maximum load per unit width of 
0.206ul'c? 


hy? 


Winax = 


! School of Engineering, Princeton University. CS at 

2 “Notes on the Theory of Lubrication,’ by Lord Rayleigh, Philo- 
sophical Magazine, vol. 35, 1918, pp. 1-12. 

Contributed by the Research Committee on Lubrication and the 
Petroleum Division and presented at the Annual Meeting, New 
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This is about 29 per cent greater than for the inclined flat-plate 
bearing. 

It would appear that with the simple geometry of this oil film, 
a solution, taking account of side leakage, might be fairly easy to 
obtain. This turns out to be so and solutions are given both for 
the case of rectilinear motion with finite bearing width and also 
the more practical sectorial case of a thrust bearing. 


Case No Sipe LeakaGe 


Sicemidiaiias to the more complicated three-dimensional 
problem the case with no side leakage might be considered to ad- 
vantage. The “calculus of variations’’ is perhaps not familiar to 
many who may be interested in the problem, and in any event this 
method of solution is available in Rayleigh’s more elegant paper. 
Therefore the results will be obtained by the usual methods, but 
starting with the stepped-film shape. The notation will be the 
same as in Rayleigh’s paper.? 

From a consideration of the shear stress and velocity gradient in 


the film it is easily shown that ’ 
1 dp 
oy? dr 


Upon integrating this equation twice with respect to y and sub- 
stituting the boundary conditions; u = —U when y = 0, and 
u = Owhen y = h, the following expression for wu is obtained 


Qu h 


By integrating this expression over the film thickness the flow 
per unit width is obtained as 


This same expression for flow in the X-direction is obtained in 
the side-leakage problem, but in this case it is the rate of flow at a 
point rather than over a unit width. A partial derivative of p 
with respect to z is also necessary in this case. Because this rela- 
tion is needed in the three-dimensional problem it will be given 


here nn 


¢® 


1 h*® dp 1 
—Q=—— — 
12 yw dz 2 
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From Equation [3] 
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d 6uU 
dx he 
If A is constant this equation can be integrated to give the 
pressure as follows 


(H—h)r + A.... 


The evaluation of A depends on the boundary conditions. It 

“iS convenient here (and more so in the three-dimensional prob- 

lem) to consider the problem for each stepped region separately. 

The co-ordinate axis being left as in Fig. fer region (1) and being 

moved forward by (ec; + ec), i.e., to the leading edge, for region 
9 


la). 


For region (1) when « = 0, p = Oand A = 0 


bul’ 


For region (2), when x = 0, p = 0, and A 


bul’ 
—— Ree... 


‘The pressure given by Equation [6] when x = ¢, is the same as 
that given by Equation [7], when x = —ep 


6uU 


(H — ok hi? 
For OW/ok = 0 it is sufficient that 
which upon solving for H gives 


hyh2(erh;? + 


H = - — . [8] 
+ 

The load for each region is obtained by integrating the pressure 

over the areas as follows: 

For region (1) . 


W, = kn dz = 


For region (2) 


(H — 


. [9] 


6uU 
= ha? (H * he 


- If H from Equation [8] is now placed in Equation [11] the 
load is obtained as a function of the parameters 


W = | 


hy*hg? 
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This expression for W will simplify to* 


he —hy 


Ww = 3uU + C2) 3 
+ Coh,* 

If the total length of the bearing ¢ = (c; + cs), and the minimum 
film thickness h;, are prescribed, the proportions for maximum 
load capacity can be found as follows 

C@=c—c, andlet hy = kh 


. Then 


hi? — 1) + 


W = f(a, k) and will have a maximum when dW /dc, 
and ok = 0 


ow c(k — 1) 
or, hy? 


ye J —1) + 21) — — ex) — 1) 
1) +e]? 
For OW /dc, = 0 it is sufficient that 
[e,(k3 1) + elle 2¢1:) — vy) 
which will reduce to 


k 3 


OW _ — er) J — 1) + — 3(k — Dek* 
— 1) + 3(k — Derk? 
which will reduce to 
c 
3k? + 
From Equation [14] 
+ 1) 
Substituting in Equation [15] 
+ 1) 
which will reduce to 
4k? — 12k? + 9k —1 = 0 
The three roots of this equation are 


k= landk =1 + 73/2 


Obviously, the required value for maximum load is k = 1 + 


V/3/2 = 1.866 
Now + = c, and from Equation [14] 
° 
— 3k? + = 


With k = 1.866 these relations make c, = 2.549¢ 
The maximum load from Equation [12] is now found as 


Uc? 


W = 0.2062 
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3. 
The total load, W = W, + W, 


These results are the same as given by Rayleigh. 


STEPPED SHAPED SLIDER 


The problem of the stepped shaped slider of finite width will 
In this case a flow perpendicular to the direc- 
tion of motion, i.e., a side-leakage effect, has to be included and re- 
course is had to Reynolds partial differential equation for pressure 
jn a lubricating film 


dh 
+ = 6uU — 
or dz 


next be considered. 


The region in which A is constant at h; is called region (1), and 
the region in which A is constant at A» is called region (2). The 
X-Z plane is taken as the flat moving element having a velocity 
U as shown. 
ordinate systems. 


It will again be found convenient to use two co- 
For region (1) the co-ordinates are as shown, 
but for region (2) they will be moved forward so that the Z axis is 
on the leading edge of region (2). 
If his constant, the right-hand side of Reynolds equation is zero, 
and h® can-bé divided from the left-hand side leaving 


oz? 


oz? 


=0.. 


This is the Laplace partial differential equation. 

An interesting incidental result can be obtained at this stage. 
Consider a rectangular flat plate being moved parallel to another 
flat plate and separated from it by a fluid film of thickness A, Fig. 
3. 


In this case Equation [18] applies. However, if Laplace’s 


z 
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equation applies to a region, on the boundaries of which the fune- 
tion is everywhere zero, the only solution is zero, i.e., p = 0 is the 
solution to the pressure equation in this case. This is a well- 
known result and is not of course restricted to a rectangular 
shape. 

To return to the problem of the stepped slider. The pressure 
on the exterior boundaries of regions (1) and (2) is zero, but on the 
common boundary the pressure is not known. It is assumed that 
the pressure on this common boundary is given by the following 


Fourier sine series 


The summation is over the odd values because of the symmetry. 
P,, is the Fourier coefficient to be evaluated later. 
The general solution for p can be put in the following form 


A,, cos + B, sin 
ry... b 


ner 
cosh + D,, sinh 


The boundary conditions for region (1) are 
0 for all values of z I 
Il 
Ill 


p = Oat 
0 at 
0 at 


@ 


0 for all values of x 
b for all values of x 


> 
P,, sin 


n= 1,3,5++ 


* From conditions I and II, A, = C, = 0 
From condition IV 


P, sin = = > B.D, sin — 
n 


P 
nrc, 


sinh 


n= 1,3,5++- 
B,D, = 


sinh 


sinh 
b 


For region (2) a solution of the same form as Equation [20] is — 


taken 
E,, cos ry + F,, sin G,, cosh 
n= 1,5,5° 


p= 


sinh 


+ 


The boundary conditions are 
0 at z 
0 at z 


= 0 for all values of z 
= 0 for all values of x 
b for all values of z 


atz 


sin - =—t 


A apats 4, 
2] 
ty, 
\ 
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The scheme p P,, sin [19] ate 
Bs 
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_ From condition IV 


r. sin — = — 


s 
sinh —— 
b 


n= 1,3,5+++ 

‘In order that the pressure be calculable the Fourier coefficient, 

P,,, must now be evaluated. This is done by making use of the 

principle of continuity. At any point on the common boundary 

it will be seen that the rate of flow out of region (2) is the same as 

the rate of flow into region (1). The rate of flow in the X-direction 
is given by Equation [3a] 


The equality of the rate of flow for both regions at the common 
boundary is expressed as follows 


Uh, hy? Uhs* | 
2" 1m\ar/, 2 | 


The partial derivative, O0p/dz, for regions (1) and (2) must now 
be evaluated at z = ¢; for region (1), and at r = —c, for region 


nwz 


P,, coth sin . [25] 


n= 1,3,5- sinh — 


nr P,, 
-- coth — — sin— 
b b 
n= 


Equation [24] is rewritten using the values of (Op/de from Equa- 
tions [25] and [26] 


sm = — 


P,, coth — sin —.... 
n= 
which can be rearranged as follows 
nr 


coth = + hy? 
) 


[28], 
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The right-hand side of Equation [28] is expanded in a Fourier 
sine series by use of the standard sine series for +/4 


n z 
| ‘coth — coth - sin = 


n 1,3 
@ 


(ul (he — hy) — sin 
b 


n= 1,3, 
The Fourier coefficient, P,, is thus 
24u Ub(he — hy) 


nx? coth + coth 


P, = 


The pressure can now be calculated at any point by placing this 
value of P,, in the pressure Equations [21] and [23]. However, 
the total load on the bearing is of more interest, and this is easily 
found. The load supported by region (1) is called W"; and the load 


supported by region (2) is ealled 1, i 


Pig 
W,= | pdrdz 
0 


. 
sinh 
b 


Evidently 


drdz 


r . n 
sinh 


2b'P, re, 
cosh —-—]1 . [80] 


Again, for region (2) 


n 


nre 
— sin sinh - drdz 


2b*P,, 
2.2 

. sinh — 
b 


By use of standard rel: ations for the hyperbolic functions, W 


can be rewritten as 


as 
. b 
Ww 
‘ 
‘ 
firs 
sol 
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2 12u Oz 
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; oP, neces edge of the slider. For region (2) the zero of @ is moved forward to 

W = “= (ann unh — + t ann") the leading edge of region (2). The equations for pressure in 

n= 1,35" ™ regions (1) and (2) are obtained by the same methods as for the 

If P,, from Equation (29] is substituted, the load is obtained Tectangular case and are iden identical in form. They are as follows: 
on For region (1) 


tanh + tanh 
n= 13,5 hy? coth + h2* coth = 


The foregoing solution applies to a rectangular slider having 
uniform rectilinear motion. This simplified problem is a logical 
first step because the mathematical work is more likely to be 
soluble. The result is also useful for comparison with the results 
of Michell’s solution for the inclined flat-plate bearing. How- 
ever, a more pravtical solution is possible, and this will be given 
before discussing the implications of Equation [32]. 7 


nd 
sn — sinh —...... 


STEPPED SECTORIAL SLIDER oe pa 


n 
sinh — 


Instead of the stepped rectangular slider consider a stepped pa 
sectorial slider as shown in Fig. 4. 


To calculate the Fourier coefficient P,,, it is necessary to use the 
rate-of-flow relation given by Equation [3a]. But now this must 
be expressed in polar co-ordinates. The rate of flow in the tan- 
gential direction is then 


where —w is the rotational speed of the moving element. 
On making the substitution r = re? this equation for flow be- 
comes 


h? Op 
— - 139 
id 2 l2Qur,e 00 


The evaluation of 0p/0@ at the common boundary is exactly 
W ith poe a configuration, it is natural to adopt plane polar the same as for the rectangular case and need not be repeated. 
co-ordinates. Laplace’s equation, that is Equation [18], in The equality of the rate of flow out of region (2) into region (1) at 
any point on the common boundary, therefore, can be written 
down directly from Equation [39] and by analogy with Equation 


polar co-ordinates becomes 


1 3? 1 dp 
or? r? 06? r Or 
A new variable is introduced by letting r = rye®, where isthe - coth —— sn — 
inner radius of the sector and p is the new variable. Clearly, when 
r=r,p = 0,and when r = p = pz = log re/n + 12urep P,, coth — sin 
Pa 2 
If the new variable p is substituted, Equation [33] becomes ; . 
which can be rewritten as 
— P,, hy? coth — + hz* coth sin — 
The solution now proceeds on almost exactly similar lines to the ' = Gycor,%e?(he—hi)...... (40) 


rectangular case. It is assumed that the pressure on the common 
boundary is given by 


The question of what values of n are to be used in the summa- a 

tion is left open at this stage. It is fairly evident from the phy sical J 2 & j= — 2 fr» =? dp 

situation that the curve will not be symmetrical. 
As in the previous cases, it is convenient to use two co-ordinate Upon evaluation of this integral, A, is given for all integral be 

systems. For region (1) the zero of @ is taken through the trailing values of n as J 


- > 
n sinh pe Pa 
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Pasa 
. 
ee hk 
404 
| 
| 
1 
‘s 
: 


TRANSACTIONS OF THE ASME 


+ 1) 
n2x? + 4p2? 


& 
Equation [40] can be written 


6 6. 
P. coth + coth =), i 
p2 po 


P2 


— 


(= 


cosh —— — 1 


MAY, 


| 4 h)K, sin 


This can be solved for P, and gives, when K,, is substituted 
from Equation [41] 


p2 p2 


. [43] 


The pressure can now be found at any point of region (1) or (2) 
by use of Equations [36] and [37]. But, as in the rectangular 
ease, the load is of more interest and is readily obtained by in- 
tegrating over the areas. As before, W, will refer to the lead sup- 
ported by region (1), and W’, will refer to the load supported by 
region (2). Then 


6, 
W, = / prdédr 
"A; 
- | pre? dér,e’dp 
0 0 


n sinh 
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pP2 


Since n may be even or odd, this can be written as 
.... [44] 


1)*t'e + 1) 
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p2? P2 
In the same way Wis given as follows 
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* Placing in the value of .P,, from Equation [43] and making use 
of the standard a ireaeans relations, W can be written as 


W = — hi) > | 


But = (r2/ri)?, and p2 = 


tanh 


nd, 
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+ 4p,? 


tanh ~ — + tanh a 


2p2 


coth 
p2 


log 


ha® coth 


(— 1)* F'n? + 


762 


+ tanh 


coth — 


log 
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n 
+ he? coth 
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log { - 


Te 2 
n + 4 (08 
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It is now a fairly easy matter to obtain the relations for the 
quantity of lubricant passing through the bearing and also to find 


the force and torque on the bearings. 


secondary importance only the final formulas will be given. 


Since these are matters of 


Force Requrrep To Move Fiat ELEMENT IN RECTANGULAR 
BEARING 


For the rectangular bearing, the force required to move the 


* flat element is given by 


R= 


ub (= 
hy 


24 uwUb?(h, — hy)? 


bed 
» 
1,3,5++- 
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The quantity entering at the leading edge is 


Uhab 
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sinh 


coth 


= + coth 


[47] 
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the inclined-plane bearing. But if the best proportions are used 

Qr = i ‘hab ‘ 4U bhy*(h2 — hy be oa it is about 3 per cent more effective. The 29 per cent improve- 
2. = ney ment, obtained when side leakage is neglected, is reduced so that 

n* sinh cs the bearing is only slightly better than the inclined-plane bearing 

in this respect. The side-leakage effect is no doubt aggravated 


because the large film thickness extends into the highest-pressure 

h,? coth — + he’ coth — region, and thus offers an easier means of escape for the lubricant. 

b b If the bearing is made wider it gradually gains on the inclined- 

The side leakage can be obtained by difference. i plane bearing and tends to approach the value given by Equation 

For the sector bearing the corresponding quantities are as .(16]. If it is made narrower it gradually gets less than the in- 
follows: : clined-plane bearing. 

The torque required to turn the bearing is given by A way in which the bearing could be improved to some extent 


4 hy he r2\? 


nr 
+4 (oe coth — +h,’ coth : 
rT) Te Te 
log log - 
r 
The lubricant entering at the leading edge is given by 


whe(r2? 


Qs = — Qw (toe (he — hi) — 
ri 
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The lubricant leaving at the trailing edge is given by _ 


Te 
— + Qw (tox hy3(he — hy) (re? r;?) x 
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n= 1,3,5 +4 (tos sinh — coth + coth 
rT) re 


log log 


" 


log 


The side leakage can be obtained by difference. would be to make the stepped element as shown in Fig. 5. Such a 
It will be observed that the series in Equations [32] and [46] shape would add to the mathematical difficulties and would be 
converge very rapidly. For a square bearing a single term gives a somewhat harder to produce unless it were etched. Probably the 
result within 1 or 2 per cent of the actual value. The series forthe matter of increasing the capacity is not very important in prac- 
sectorial bearing will converge somewhat less rapidly. For a tice as the loads that arise are already being taken by tilting- 


“square”’ shape (i.e., the mean are length equal to the radial : 
depth), a satisfactory value can be obtained with 3 or 4 terms. In # 
both cases the convergence becomes less rapid as the bearing be- = 
comes wider with respect to its length. ai 
Equations [12], [32], and [46] give the load that can be sup- ’ 
ported on a bearing having the stepped-film shape. The con- 
ditions for a maximum of Equation [12] are fairly easily found, j 
and this maximum is given in Equation [16]. The same device if 
applied to Equations [32] and [46] leads to great complication, » 
and the method of trial is easier. It is founc that the proportions Fig. 5 
for maximum load when side leakage is neglected are not the best if ._.f 
proportions for a bearing of finite width. The values for the case of — block bearings of reasonable size, and it hi us been shown that \ieniin 
no side leakage were, hz = 1.866h, and c, = 2.549¢;. Forasquare bearings are not quite as effective as the stepped arrangement. 
bearing, it is found that the best values are, approximately, be = An interesting conclusion can be drawn from Equations [32] 
1.7h; and cz = 1.2c, However, the load capacity is not very sensi- and [46] by inspection. It will be recalled that the hyperbolic 
tive to changes in the vicinity of these values. tangent approaches unity for quite small values of its argument. 
; For example, tanh 3 = 0.99505 and tanh 5 = 0.9991. It is clear 
that if all other conditions are held constant, the load capacity is 
not increased appreciably by an increase in the length of the 
It is interesting to compare the load given by Equation [32] for _ bearing beyond a certain point. This has particular significance 
a square bearing to that given by Michell for an inclined flat plate. in the case of a sector bearing because here there is a limit to the 
If the proportions given in the foregoing for the case of no side angle that can be subtended by a sector, viz., 360-deg. Thus if 
leakage are used, the bearing is about 6 per cent less effective than the ratio of outer to inner radii is 2, a pair of 180-deg sectors would 
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support almost exactly twice the load that could ‘be carried by a 
single 360-deg bearing, other conditions being held constant. 


Also, three 120-deg sectors would be almost exactly 3 times as 


effective as a single 360-deg bearing (oil passages are neglected for 
simplicity in discussion; their influence would be small for large 
sectors). Obviously, there is a point at which this process of 
division would start to give a diminishing return. This could be 
fairly easily determined if the sector radii and oil-passage space 
were prescribed as well as the conditions of speed and viscosity. 
The matter is a little complicated by the fact that for each new 
angular condition the ratios of 62 to @; and hs to h; will change for 
best conditions. However, a very good result would be obtained 
by holding these ratios constant at some reasonable value until 
the best number of sectors was found, and then making a more 
careful calculation in this vicinity to find best conditions. 
ConcLUSION 

The stepped-bearing arrangement has a good deal to recom- 
mend it in practice although there are two matters which are not 
especially in its favor. The bearing does not have any great ad- 
vantage in load capacity over the inclined-plane bearing, and it is 
restricted to one direction of rotation. Offsetting these matters is 
its great constructional simplification over the tilting-block bear- 
ing, or even over those bearings in which the taper is machined 
into one of the elements. In addition, the fairly simple explicit 
equations for the load offer some advantage in design where the 
influence of each parameter is fairly easy to see and can be 
checked quite readily. It is true that viscosity has been taken as 
constant, and this can be quite misleading. However, there are 
ways of estimating the change in viscosity through the bearing, 
and a mean value seems to give fairly good results. In this re- 
spect the solution is no worse than others. It should be possible 
to apply this bearing to a great many thrust problems and in par- 
ticnlar to those cases where space considerations are ef im- 


portance, 
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Some experiments of a semiquantitative nature have been 
made with bearing models. It is well known that precise results 
by this means are rather difficult to obtain. However, reasonable 
agreement was found. An air-lubricated model in which the step 
height, i.e., (h2 — h:), is about 0.00005 in. has been made and is 
entirely successful. Lord Rayleigh describes a simple test he 
made of the scheme in his paper.? 
.Discussion 

J. R. Menke.* The author has presented a useful extension 
of Lord Rayleigh’s calculations and has done a service in calling 
more general attention to this relatively unappreciated paper.‘ 
The writer’s attention was drawn to the papef in 1943-1944 
by John E, Viscardi and Mayo D. Hersey with a practical 
result. 

The author remarks in his discussion upon: the behavior of the. 
hyperbolic tangent terms in Equations [32] and [46]. This 
behavior is hardly surprising in the physical sense, indicating 
only that side leakage as usual reduces the advantage of increas- 
ing.length in long, “thin” (i.e., not wide) bearings. 

Fig. 5 of the paper indicates an interesting improvement, and 
one wonders about the estimated extent of thisimprovement. Is 
‘a large part of the potential 29 per cent gain over inclined-plate 
bearings feasible? Tests on -this point should prove worth 
while. 

The bearing examined is evidently simple in. two respects; it 
can be readily understood and it can be manufactured cheaply. 
With such advantages and its indicated performance qne might 
expect some industrial acceptance after these thirty-odd years 
_since Lord Rayleigh’s paper. 


? Nuclear Development Associates, Inc., New York, N. Y. Jun. 
ASME. 
4 Author's reference (2). 
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By S. B. GUNST,' PITTSBURGH, PA. 


An instrument used to determine liquid compressibili- 
ties is described’ as is its use in the determination of 
density versus pressure for hexamethyldisiloxane and octa- 
methyltrisiloxane. Results at pressures to 10,000 psi, and 
at temperatures to 200 F for the hexamethyldisiloxane and 
to 300 F for the octamethyltrisiloxane are shown. The 
densities are precise within 0.35 per cent. 


INTRODUCTION 


HE dimethy! siloxanes are members of the group fre- 

juently called silicone liquids (1, 2, 3).4 They are heat- 

table, chemically inert compounds (4). Their stability 
and small viscosity change with temperature suggest their poten- 
tial excellence as viscometer-calibration standards, the objective 
which prompted this investigation. 

In the rolling-ball viscometer (5), an instrument used for the 
determination of absolute viscosities of fluids at elevated pres- 
sures, the densities of the fluids under test conditions must be 
ascertained. This investigation was undertaken to determine 
the density-pressure relationships for two dimethy] siloxanes. 

For mineral oils the density-pressure equation of Dow and 
Fink (6) has given satisfactory results; but for silicone liquids, 
in so far as is known, little experimental work from which such 
relations may be derived has been published (7,8). Although the 
results of this investigation on only two silicone liquids are 
insufficient to yield a density-pressure equation for all silicones, 
they should be useful for the liquids tested, and subsequent work 
may lead to a density-pressure equation for silicones corresponding 
to that of Dow and Fink for mineral oils. Digs? 


» 


For this investigation it was necessary to design and enn 
instrument for making measurements from which the compressi- 
bility of a liquid could be computed. A search of the literature 
(9, 10, 11) showed the many difficulties and attendant uncer- 
tainties experienced by the early investigators, and it is believed 
the instrument embraces the best principles of design known at 
this time. The pressure joints are self-sealing; the‘expansion of 
the pressure vessel is irrelevant; the test liquid is contained in a 
thin-walled, commercially available brass bellows, whose spring 
constant and bulk compression are negligibly small, and whose 
free end is unhampered by any sliding surfaces with their attend- 
ant friction; the instrument demands no calibration with a liquid 
whose compressibility is known; and it is continuously reading 


DESCRIPTION OF APPARATUS 


‘Gulf Research and Development Company, and University of 
Pittsburgh. 

2 Additional details can be found in a University of Pittsburgh 
thesis by the author. 

3 Numbers in parentheses refer to the Bibliography at the end of the ° 
paper. 

Contributed by the Research Committee on Lubrication and the 
Petroleum Division and presented at the Annual Meeting, New York, 
N.Y., November 27—December 2, 1949, of Tae AMERICAN Society OF 
MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. Paper No. 49—A-91. 
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so that a single charge of sample liquid within the bellows suffices 
for all pressures and temperatures encountered in this investiga- 
tion. 

A cross-sectional sketch of the instrument, hereafter referred 
to as the “compressibility meter,” is shown in Fig. 1. The brass 
bellows 1, soldered to brass plugs 2 and 3, is filled with the test- 
liquid sample. The sample is trapped in the bellows by a steel 
taper pin 4, and a steel contact plate 5, which seals by compress- 
ing an aluminum gasket 6. The upper end of the bellows is held 
fixed by threading the upper plug 2 into the steel end plate 7, which 
is positioned in the steel pressure housing 8 by a steel end screw 9. 
A bakelite bushing 10, electrically insulates the brass bellows 
housing 11, with its brass micrometer spider 12, : 


2, and steel microm- 
eter screw 13, from the bellows. 


Adjustment of the micrometer 
screw is accomplished by turning the graduated brass knob 14. 
This turns a steel shaft 15, whose three steel fingers 16, engage the 
bakelite fluted coupling 17, attached to the micrometer screw. 
A steel spring 18, takes up the micrometer-screw backlash, and a 
thrust bearing 19, takes the load on the head of the shaft 15, 
resulting from internal pressure applied hydraulically inside the 


SCALE IN INCHES 


Fic. 1 Sectrionat D1AGRAM OF CoMPRESSIBILITY METER 
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pressure housing through the inlet 20. Three equally spaced 
annular slots in the top plate of the jacket 21, permit the admis- 
sion of liquid into the jacket, and the immersion in this liquid of a 
strip ,heater, a stirrer, a thermoregulator, and a thermometer. 
Three steel legs 22, support the compressibility meter on a suita- 
ble workbench. Synthetic-rubber O-rings 23 and 24, serve as 
self-sealing gasket and packer, respectively, and a nylon bush- 
-ing 25, serves both as a self-sealing gasket and an électrical insula- 
tor for the contact pin 26. A fiberglas-insulated wire 27, connects 
the contact pin to the bellows housing 11. 

When the micrometer screw 13, is made to contact the contact 
plate 5, electrical connection is effected from the gontact pin 26, 
to the bellows housing to the micrometer screw to the bellows to 

- the pressure housing. Thus a suitable electrical indicator con- 
nected between the contact pin and the pressure housing will 
indicate contact between the contact plate and the micrometer 
screw. The micrometer screw has a major diameter of '/4 in. and 
10 threads perinch. One turn advances the screw 0.025in. Fifty 
graduations on the circumference of the knob 14, permit direct 
readings corresponding to a micrometer-screw advance of 0.0005 
in. and estimations to 0.0001 in. With a suitably sensitive 
indicator, therefore, the variation in bellows length can be meas- 
ured to 0.0001 in. 

Hydraulic pressure, applied by means of a free-piston gage 
(12), commonly called a “‘dead-weight tester,” is transmitted to 
all parts inside the pressure housing—to the bellows via’ six axial 
holes in the micrometer spider 12, and four axial slots (nof shown in 
Fig. 1) in the bellows housing 11, and to the top of the taper 
pin 4, sealing the top of the bellows via four radial holes in the 
collar of the end plate 7. The application of pressure to the 
outside of the bellows compresses the test-liquid sample within 
the bellows and results in a decrease in bellows length, which can 
be measured as previously indicated. 

In order to decrease heat loss; asbestos steam-pipe insulation 
28, 1'/2 in. thick, blankets the compressibility meter so that only 
the legs, the knob, the pressure inlet, and parts of the thermom- 
eter and temperature-control apparatus are exposed. 


ANALYTICAL CONSIDERATIONS 


Measurements of a variation in bellows length can be used to 
calculate the change in density of a test-liquid sample. For a 
mass m of liquid occupying a volume V the liquid density is given 
by 


With atmospheric-pressure conditions denoted by a subscript 0, 
an isothermal change in density because of a change in pressure is 
given by 
m(Vo— V) 
Ap = p— po = (m/V) — (m/Vo) = —— 
p = p— po = (m/V) — (m/Vo) VVe 
Let V = Vo + AV and Equation [2] becomes 
mAV — 
Ve(Ve + AV) (Ve/AV) +1 


(m/poAV) + 1 


- Tests to determine the change in bellows volume with change 
in bellows length at constant temperature and pressure showed 
that AV = AAL, where AL is the change in bellows length and 
A is a constant, obviously the effective cross-sectional area of the 
inside of the bellows. Equation [3] can therefore be written 
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Ap = . [4] 


(m/p 


from which the isothermal change in density resulting from a 
change in pressure can be calculated if all quantities on the right 
are known. 

A graph of Ap or p versus pressure p can be used to calculate 
the isothermal compressibility. & of a liquid if desired. With iso- 
thermal conditions designated by a subscript 7’, k is given by 


V V \dp/r \Op p \Op/r 


1 
4 (po + Ap) \Op 
Since the slope of the graph of Ap or versus pressure at any 
pressure is (Op/Op)7, readily obtainable by graphical differ- 
entiation, k can be calculated, 


Metruops ano Resutts 


Preliminary investigations. were made in order to establish 
methods for temperature measurement and control, ‘to deter- 
mine the effective cross-sectional area of the bellows, and to 
ascertain the effect. of cubic compression of the various parts of 
the compressibility meter on bellows length measurements. The 
iatter was found to be negligible. 

“The two liquids investigated were hexamethyldisiloxane and 
octamethyltrisiloxane, referred to by one -manufacturer, the 
Dow-Corning Corporation, as DC-200 silicone fluid, viscosity 
0.65 centistoke at 25 C, and DC-200 silicone fluid, viscosity 1.0 
centistoke at 25 C, respectively. Equation [4] was used to 
calculate change in density Ap for various temperatures and 
pressures. 


1 The density po: : 

The density po at atmospheric pressure and test temperature 
was obtained from. hydrometer tests by chemists at the author’s 
laboratory and checked with the results of Hurd (3). . 

2 Effective bellows cross-sectional area A: r 

The cross-sectional area A of the bellows was faund to be 
essentially independent of bellows length and pressure. The 


value of A of 0.764 sq in. determined by test at 75 F was used‘ 


and corrected for thermal expansion, using a handbook value 
for the expansivity of brass. ; 

3 The mass m of liquid filling the bellows: : 

Anticipated difficulties in filling the bellows with a test sample 
of liquid to the essential exclusion of air were easily overcome. 
The bellows assembly, with the taper pin removed, was immersed 
in an oil bath until only '/s in. of the bellows taper-pin plug was 
exposed. The bath was maintained at a temperature above the 
maximum test temperature of a specific test liquid. A long- 
necked eyedropper inserted through the taper-pin hole was used to 
fill the bellows with test liquid. A glass stirring rod was used 
to agitate the bellows convolutions in order to rid them of air 
bubbles. The bellows was kept constantly filled by means of the 
eyedropper. After all evidence of bubbling through the taper-pin 
hole had ceased, the taper pin was driven into the taper-pin hole, 
thus sealing the test liquid within the bellows. 

The mass m of test-sample liquid is the difference between the 
filled-bellows mass and empty-bellows mass obtained by the 
double massing method (13) with appropriate corrections for air 
buoyancy. The bellows assembly was carefully cleaned and dried 
prior to all mass determinations. 


Only one filling of the bellows was necessary for all tests made 
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on each of the liquids and their corresponding masses were as 


follows: 


Hexamethyldisiloxane mass m = 
Octamethyltrisiloxane mass m = 


13.630 grams 


13.5 


75 grams 


t Isothermal change in bellows length AL versus pressure: 
Measurements of variation in bellows length at pressure inter- 
vals of 100 psi from 0 to 500 psi (gage), and at intervals of 500 psi 
from 500 to 10,000 psi (gage) were made for the two liquids at the 
following temperatures: 


0.000 


-0.040 


-0.080 


-0120 


_ VARIATION IN BELLOWS LENGTH IN INCHES 


2000 


4000 


6000 


PRESSURE IN POUNDS PER SQUARE INCH 


Fic. 2. Measurep VarIaTION IN BeLLows From Axsi- 
TRARY ZeRO aT Each TEMPERATURE VERSUS GAGE PRESSURE FOR 


ee 
po, gram per cu cm. 
Gage 
pressure, 
psi 


10000 


AL 
in. 


rA 


0.0000 


— 0. 008 


—0.111 


77.5 
0.7 
po, gram percucm.. 0.8 
Gage 
pressure, AL 
psi in. 
0 0.0000 
500 —0. 0065 
1000 —0.0130 
2000 —0.0255 
3000 —0.0370 
4000 —0.0475 
5000 — 0.0570 
6000 — 0.0660 
7000 —0.0735 
8000 —0.0810 
9000 —0. 0880 


0 


BLE 


1 CHANGE IN DENSITY VERSUS PRESSURE FOR HEXAMETHYLDISILOXANE 


HEXAMETHYLDISILOXANE 


gram per cu cm 


AL 

in, 

0.0000 
—0.0105 
— 0.0200 
—0.0370 
—0.0520 
—0. 0655 
—0.0780 
—0. 0895 
—0.0995 
—0. 1090 
—O.1175 
—0.1255 


mass m = 13.630 grams 
100.0 149.9 200.0 
0.764 0.765 0.766 
0.7496 0.7194 0. 6883 
AL Ae AL 
gram per cu cm in. gram per cu cm in, gram per cucm 
0.0000 0.0000 0.0000 0.0000 0.0000 
0.0055 —0.0130 0. 0062 —0.0190 0.0084 
0.0105 0.0123 —0.0365 0.0163 
0.0196 0.0236 —0. 0655 0.0298 
0.0279 0.0331 — 0.0895 0.0414 
0.0354 0.0415 —0. 1090 0.0511 
0.0426 0.0491 —0.1260 0.0597 
0.0493 —0.1090 0.0559 —0.1410 0.0676 
0.0552 —0.1205 0.062% —0.1555 0.0753 
0.0609 —0.1310 0. 0683 ~—0.1690 0. O826 
0.0660 —0.1405 0.0738 —0.1820 0.0898 
0.0709 —0.1495 0.0790 —0.1940 0.0965 
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TABLE 2 


gram per 
cuecm 


0. 
0. 
0 
0 
0 
0 
0. 
0 
0 
0 
0 
0 


0000 
0040 
0081 
0160 
0234 
0303 
0367 
0428 
0479 
0531 
0580 
0623 


CHANGE 


100.0 

0.764 

0.8046 
AL gram per 
in. cu ecm 
0.0000 0.0000 
—0.0080 0.0048 
—0.0155 0.0094 
—0.0295 0.0180 
—0.0415 0.0256 
— 0.0530 0.0330 
— 0.0635 0.0398 
—0.0725 0.0458 
—0.0810 0.0515 
—0. 0895 0.0573 
—0.0970 0.0624 


mass m = 13.575 grams 
150.0 200.0 250.0 300.0 
0.765 0.766 0.767 0.768 
0.7767 0.7479 0.7188 0.6900 
Ap Ap 

AL gram per AL gram per AL gram per AL gram per 
in, cu cm in. euem in. ecu cm in. euem 
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
—0.0110 0.0062 —0.0140 0.-073 —0.0195 0.00904 —0.0275 0.0123 
—0.0210 0.0119 —0.0275 0.0145 — 0.0365 0.0179 —0.0510 0.0233 
0385 0.0221 —0.0505 0.0271 — 0.0660 0.0330 —0 O875 0.0409 
—0.0540 0.03813 —0.0700 0.0380 — 0.0900 0.0458 —0.1175 0.0560 
— 0.0675 0.0395 —0. 0865 0.0476 °* —0.1100 0.0568 —0.1415 0. 0686 
— 0.0800 0.0473 —0.1010 0.0562 —0.1270 0.0663 —0.1615 0.0794 
—0.0910 0.0543 —0.1145 0.0643 —0.1420 0.0750 —0.1795 0.0894 
—0.1010 0.0607 —0.1260 0.0714 —0. 1560 0.0833 —0.1950 0.0983 
—0.1100 0.0665. —0.1370 0.0783 — 0.1680 0.0905 —0, 2095 0. 1067 
—6.1185 0.0722 —0.1465 0.0843 —0.1795 0.0975 222 0.1141 
1270 =0.0779 —0.1560 0.0904 —0.1905 0.1043 0.1217 


IN DENSITY VERSUS PRESSURE FOR OCTAMETHYLTRISILOXANE 


IR TWO LOW-VISCOSITY DIMETHYL SILOXANES 403. 


Hexamethyldisiloxane 76.0, 100.0, 149.9, 200.0 F 
* Octamethyltrisiloxane 77.5, 100.0, 150.0, 200.0, 250.0, 300.0 F 


(At an absolute pressure of 760 mm Hg, the liquids have the 
following approximate boiling points: Hexamethyldisiloxane, 
211 F; octamethyltrisiloxane, 306 F). 
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Fie. 3) Measurep VARIATION IN LENGTH FRoM ARBI- 
TRARY Zero aT Each Temperature Versus PRESSURE FoR 
OcTAMETHYLTRISILOXANE 


| 
Set 
4 
4 
500 — 0.0046 
1000 0. 0087 
3000 —0.0440 0.0243 F 
5000 —0.0675 0.0379 be? 
7000 —0.0865 0.0492 
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The results of the tests for hexamethyldisiloxane, the dimer, — 
are graphed in Fig. 2, and.for octamethyltrisiloxane, the trimer, 
in Fig. 3. 


Compvutep 


pressure, taken from the graphs in-Figs. 2 and 3, are shown in 
Tables 1 and 2, as are the corresponding values of change in test- 
liquid density Ap calculated from Equation [4]. The box head- 
ings of the tables bear appropriate values of the test-liquid tem- 
perature, the bellows cross-sectional area A, and the test-liquid 
density pj at atmospheric pressure. Graphs of test-liquid density 
p as a function of gage pressure are presented in Figs. 4 and 5, 
from which the de ‘nsity for any pressure can be read. Moreover, 
isobaric graphs of p versus temperature can readily be constructed 
from the graphs in Fig. 4 or 5, with which the density at any tem- 
perature from 75 to 200 F for the dimer, and from 75 to 300 F for 
the trimer and at any gage pressure from 0 to 10,000 psi for either 
can be determined. 


Smoothed values of change in bellows length AL versus gage ea 
> 


DENSITY IN GRAMS PER CUBIC CENTIMETER 


Check tests confirmed results within experimental error. 
The isothermal compressibilities, computed act cording to Equa- 
tion (5), are shown in Figs. 6 and 7. ae a 


CONCLUSION 


‘alculations showed that the densities of the two Hinata 2000 4000 6000 8000 10000 
Psa were determined with a probable error no greater than PRESSURE IN POUNDS PER SQUARE INCH 
0.0018 gram per cu cm over a pressure range of 10,000 psi and Fic.4 Density Versus Gace Pressure FOR 
at various temperatures. ; HEXAMETHYLDISILOXANE 
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P. W. Briveman.‘ This is an interesting and ingenious adap- 
tation of the sylphon method of measuring compressibilities 
which the writer developed a number of years ago® for use over 
a wider pressure range. For the purpose at present in view (de- 
termination of the density correction in rolling-ball viscometers 
used under pressure), and within the range of accuracy claimed 
(0.3 per cent on the densities), the apparatus seems entirely 
adequate. A check on this is afforded by comparing the au- 
thor’s results with those of the writer® for the same two liquids 
at room temperature. After making corrections for slight differ- 
ences of temperature, and expressing the results as fractional 
changes of initial volume instead of initial density, the writer 
finds for the author’s value of AV/V» at approximately 24 C at 
a pressure of 7110 psi (500 kg per sq em) for hexamethyldisiloxane 
and octamethyltrisiloxane, respectively, 0.0552 and 0.0597. 
These values may be compared with the writer’s of 0.0568 and 
0.0586, respectively. The agreement is thus well within the 
claimed error, which would correspond to 0.003. 

It would seem that the method should be capable of considera- 
bly greater accuracy than claimed, for 0.3 per cent on the abso- 
lute density is not high. It is to be regretted that the author did 
not take the opportunity to find the probable limits of accuracy. 
To do this, comparison with measurements by other methods is 
necessary, because there can be no question but there are intrinsic 
sources of error in the sylphon method owing to internal strains in 
the metal of the sylphon, which has been subject to very great 
deformations in the forming process. It may well be that the 
accuracy would prove great enough to justify use of the appara- 
tus in making measurements of the compression of liquids for 
their own sake, as demanded in work on the equation of state of 
liquids. This apparatus has an especial advantage for such use 
in the wide temperature range that can be covered easily. 


R. B. Dow.?. This paper represents a valuable contribution to 
the means available for calibrating high-pressure viscometers 
over the moderate pressure range of 10,000 psi. The writer and 
his collaborators have previously used a series of carefully chosen 
lubricating oils of such densities and viscosities as required to give 
suitable calibration curves for the rolling-ball type of viscometer. 
The present choice of silicone liquids is to be preferred chiefly be- 
cause of the ready availability of a standard product, although 
the stability and small temperature coefficients of viscosity are 
valid reasons for considering them more suitable than oils. 
The author's results should be useful for all workers in this field 
Who will welcome all advances toward standardization. 

The compressibility meter is a well-designed and simple de- 
vice which has been adapted from the sylphon piezometer of 
Prof. P. W. Bridgman. The techniques of measurement difler 
only in the method of measuring changes of length, Bridgman 
using changes of resistance of a fine manganin slide wire attached 

4 Lyman Laboratory of Physics, Harvard University, Cambridge, 
Mass. 

’“The Volume of 18 Liquids as a Function of Pressure and Tem- 
perature,” by P. W. Bridgman, Proceedings of the American Acad- 
emy of Arts and Sciences, vol. 66, 1931, pp. 185-233. 

® See p. 143 of reference (7) in Bibliography of paper. 

7 Bureau of Ordnance, Re9a, Navy Department, Washington, 
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directly to the top of the sylphon inst-ad of direct readings on a 
micrometer screw. The sylphon piezometer has several obvious 
points of superiority over the old type of piston displacement in a 
pressure cylinder containing the test liquid. For the present pres- 
sure range the use of a micrometer is both direct and convenient 


since it can be ised with a simple pressure seal which would not 


suffice at much higher pressures. , 

In respect to the corrections employed in the present work, it 
appears that the length of the screw was not corrected for pos- 
sible changes due to changes of pressure and temperature. The 
correction for pressure would be negligible except at the highest 
pressure used, at which it would be of a magnitude about com- 
parable with the accuracy of measurement. The correction for 
temperature, on the other hand, appears to be well within the 
accuracy of measurement between the limits of 76 and 200 F. 


The value of the results are enhanced by the fact that several. 


temperatures were used. *It is suggested that, in addition to the 
value of 100 F, it would be desirable to have data at 130 and 210 
F since the viscosities of oils are commonly measured at these 
temperatures. 


P.G. Extine.’, This paper describes an instrument capable of 
determining liquid densities and compressibilities with a higher 
order of accuracy and with much greater convenience than has 
hitherto been obtainable. A single filling of the instrument 
suffices for all determinations over the allowable temperature 
and pressure range of the instrument. The pressure and tem- 
perature ranges covered by the author were rather arbitrarily 
limited by the materials tested and by the pressure-measuring 
instruments used. It would add to the value of the paper if a 
reasonable estimate could be given of the pressure and tempera- 
ture limits to which the instrument could be used. 

Although the author reports unusually high accuracy for de- 
terminations of this nature, the writer believes that an additional 
correction could well have been made. In determining liquid 
compressibilities in a vessel in which the internal pressure equals 
the external pressure, the direct observations yield the difference 
between the compressibility of the liquid and that of the material 
of the vessel.2 The fact that in the author’s instrument the 
liquid is contained in a vessel capable of free axial elongation 
does not alter the situation, as the radius of the bellows is re- 
duced by the pressure, and the brass bellows housing carrying 
the micrometer nut will be shortened. At the most, this correc- 
tion would alter the reported values of Ap by slightly under 1 
per cent. 

In calculating compressibilities from the density data the 
author has selected a definition of K which does not yield easily 
usable values, a mistake of which the writer has also been guilty.” 

If the compressibility is defined as 


(Vo — V) 


K = — 
Vo P 


where V is the volume at pressure P and Vo is the volume at zero 
pressure, it is much more easily upplied to numerical computa- 
tions. In this case the compressibility can be expressed as ‘a 
function of p as follows 
(oo + Ap)P 


8 President, Exline Engineering Company, Tulsa, Okla. Mem. 
ASME. 
Text-Book of Physics—‘Properties of Matter,’” by V. H. 


Poynting and J. J. Thomson, 11th edition Charles Griffin & Com- - 


pany, Ltd., London, England, pp. 116-119. 
10 “Leakage in Capillary Seals of Hydraulié Valves and Pumps,” 
by P. G. Exline, Product Engineering, vol. 17, April, 1946, p. 292. 


and the computations can be made directly from Tables 1 and 2 
of the paper. 

The initial values of kK, computed this way, will be the same 
as in Figs. 6 and 7 of the paper, but the values at 10,000 psi will 
be 50 to 70 per cent higher. 

The writer has had occasion to reduce the data reported in the 


paper to analytical expressions of the form p = po(l + 4P +: 


bP? + cP*). The values of the coefficients thus, obtained are 
given in the following table: 
Temp, po a b 
. gram per 
deg F in.?/Ib in.*/lb? in.*/Ib® 


Hex AMETHYLDISILOXANE 
.196 XK 10-8 — 4.65 X 10°19 13 10-4 
7496 — 7.13 2.28 
.7194 . 868 -63 
- 6883 2.539 -20.! 9.13 


OcTAMETHYLTRISILOXANE 
O38 1075 
9907 
7767 
.7188 
6900 


344 X 107% 
94 


Werssier.!! This interesting paper introduces a 
greatly improved instrument for the- determination of isothermal 
compressibility. “The measurement of sound velocity by means 
of the ultrasonic interferometer is an attractive, precise method 
for the determination of adiabatie compressibility, from which 
the isothermal compressibility-may be computed if the heat ea- 
pacity and thermal expansion coefficient are known."2 

The latter method was utilized’ to measure the compressi- 
bilities (at atmospheric pressure and 86 F) of 16 methylsiloxane 
liquids, including the two studied in the present work. It is 
interesting to note that the values obtained from ultrasonic 
propagation are about 20 per cent higher than those found in the 
paper. This difference may be understood in terms of the rapid 
decrease in compressibility with increasing pressure, as shown 
in Figs. 6 and 7 of the paper. Inasmuch as the excess pressure 
attained in our ultrasonic interferometer is 0.1 psi or less, the 
compressibilities obtained thereby are valid for the range of 0 
to 0.1 psi (gage). By contrast, the first measurement at each 
temperature in the present work gives the “average” compressi- 
bility over the range 0 to 100 psi (gage), from which it is not pos- 
sible to extripolate to zero pressure with any great accuracy. 
In the same connection, the isothermal compressibilities of these 
liquids determined at Dow Corning are considerably lower than 
those found in the present work, presumably because an even 
larger pressure interval was used. 

It appears, therefore, that the ultrasonic interferometer is par- 
ticularly valuable for the measurement of compressibility of 
fluids at zero gage pressure. 


Autuor’s CLOSURE 


The author gratefully acknowledges the stimulating discussion 
submitted by Professor Bridgman, Dr. Dow, and Messrs. Exline 
and Weissler, each of whom has made valuable contributions in 
the field of compressibility. 

The corrections for changes in length of the micrometer screw 
because of temperature and pressure changes and for compression 
of the material of the vessel, suggested by Dr. Dow and Mr. Ex- 
line, respectively, are well within the reported probable error on 
the density p of 0.3 per cent. That the results could be im- 

' Naval Research Laboratory, Washington, D. C. . 

“Ultrasonics,” by L. Bergmann, John Wiley & Sons, Inc., New 
York, N. Y., 1944, chapt. 3. 

'* See reference (8) in Bibliography of paper. 
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proved by these and other corrections" is true, although in many 
cases it is questionable if the increased accuracy obtained would 
justify the additional labor in computation. 

The imstrument described was designed as an engineering in- 
strument with which results sufficiently accurate for most engi- 
neering uses could be obtained rapidly by a semiskilled technician 
with little supervision. The direct readings on the micrometer 
screw, the facility of testing at various temperatures, the single 
filling of the bellows for all temperatures and pressures investi- 
gated, and the omission of higher-order corrections to simplify 
the computations are considered important features in the use of 
the instrument for engineering purposes. 

The maximum: possible precision obtainable with the instru- 
ment has not been investigated. Professor Bridgman’s sugges- 
tion of comparison with measurements by other methods, and 
the application of corrections, such as those suggested by Dr. 
Dow and .Mr. Exline, would be necessary in an investigation to 
determine the limits of accuracy obtainable with the instrument. 

The maximum pressure and temperature to which the instru- 
ment could be used are limited primarily by the materials incor- 
porated in the design. Synthetic-rubber O-ring seals in similar 
applications have been subjected to 40,000 psi at room tempera- 
ture and to 12,000 psi at 400 F without failure in either case. 
The maximum temperature, however, is limited to approximately 


'§ See appendixes to the University of Pittsburgh thesis (MS) by 
uthor (reference 2 of paper). 


350 F because a soft solder was used to join the bellows to the 
bellows plugs. 

The isothermal compressibility A, defined by Mr. Extine, is 
approximately the integrated average between atmospheric and 
pressure p of the isothermal compressibility * shown in Figs. 6 
and 7 of the paper. That Mr. Exline obtained results at 10,000 
psi 50 to 70 per cent higher than those presented in Figs. 6 and 
7, is therefore to be expected. In the opinion of the author, 
the isothermal compressibility defined by Equation [5] of the 
paper is more useful than that defined by Mr. Exline for theoreti- 
cal analyses leading to calculations of such quantities as adia- 
batie compressibility and velocity of sound. 

Mr. Exline’s empirical equation for the density results should 
be useful, provided the user bears in mind that such expressions 
cannot safely be extrapolated nor differentiated. Since the labor 
involved in the evaluation of coefficients is considerable, Mr. 
Exline’s contribution is especially appreciated. 

Mr, ‘Weissler’s work!® on the adiabatic compressibility of 
methyl-siloxane liquids permitted him to calculate the isothermal 
compressibility at atmospheric pressure. 
tionably explains part of the difference between his results and 
those of this paper. Some of the difference, however, probably 
lies in the uncertainties in the quantities used in his calculations, 
notably the thermal expansivity and the specific heat at constant 
pressure. 


His discussion unques- 


16 See reference (8) in Bibliography of paper. 
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By K. B. LAWRENCE,? STATE COLLEGE, PA. 


Of the various methods proposed in the past for the 
numerical evaluation of pressures developed in a film of 


\ 


A Mathematical-Evaluation of Pressures 1 


| a Grease-Lubricated Bearing | 


distance measured in the plane of, and at right 
angles to relative motion, in. 


lubricant, perhaps the best method, in general, consists of Z = absolute viscosity at point in film, poise 

the application of a finite-difference formula developed Z, = absolute viscosity at inlet to convergent section 
from the fundamental differential equation. Such a of channel, poise 

formula has been developed by Derman G. Christopherson n = radial clearance, in. 

(1),* who also has shown that the formula gives accurate £ = x/L = dimensionless ratio of lengths measured along 


results when applied to calculations involving oil-lubri- 
cated bearings. 
‘difference formula to calculations of the pressure distri- 
bution existing in a grease-lubricated bearing and com- 
pares the results obtained with the results of a recent ex- 
perimental investigation by Cohn and Oren (2), which was 
conducted under similar conditions of operation. 


The author herein applies the finite- 


NOMENCLATURE 


bearing arc from inlet position, to total length 
of bearing arc 


INTRODUCTION 


A method is to be shown herein for the solution of the pressure 
distribution in bearings lubricated with a copious supply of a non- 
Newtonian substance such as a grease or a polymer-laden oil. 
This subject is of considerable interest at the moment and has 


_——_ a problem of some difficulty because of the viscosity 


characteristics of the lubricants mentioned. 
The following nomenclature is used in the paper: 
. has been shown by M. H. Arveson (3) and others that the 
_ @=r/L = dimensionless radius of a circle constructed about apparent viscosity of greases varies as some function of the rate 
f a central node 0, which includes the surrounding — of shear, indicating an infinite value at zero rate of shear, with 
‘ nodes n upon its circumference P the viscosity approaching a constant value at extremely high 
1,, Ao—n, = influence coefficients * rates of shear, such as indicated in Fig. 1. This effect is im- 
C = eccentricity factor portant in any analytical consideration of grease as well as of 
FE = eccentricity of journal, in. 
F,, Fo-n = residuals 
) h = radial clearance or film thickness at point in a 
film, in. 
ho = radial clearance at point of closest approach ; 
, H = h/ho = dimensionless ratio of radial clearance to radial 
clearance at point of closest approach N 
L = length of bearing surface in direction of relative w 100 ie 
motion, in. 7° 
M = Z/Z, = dimensionless ratio of absolute viscosity at | 
points in film to viscosity at inlet to convergent = 
n = subscript denoting points on circles of radius Oo “_— 
a or 2a > ™~ 
o = subscript denoting centers of circles 
= pressure P, psi 0 
} (ho)? » Ps 10 10* 10° 10* 105 
P = dimensionless pressure i RATE OF SHEAR— GEC. 
U = rate of shear of viscous lubricant at point in tn? ecnee Cnuves 
film, ips 
-_ list 1 in direction of relative moti 
= distance’measure of relative motio 
distance*measured in direction of relative Moulon, ther non-Newtonian substances used as a lubricant, inasmuch 
in. 


1 This paper is an abstract of a thesis submitted to The Pennsyl- 
vania State College, June, 1948, in partial fulfillment of the require- 
ments for a Master of Science degree in Mechanical Engineering. 

? Instructor, Department of Mechanical Engineering, Pennsylvania 
State College. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Research Committee on Lubrication and the 
Petroleum Division and presented at the Annual Meeting, New York, 
N. Y., November 27-December 2, 1949, of Toe American Society 
or MecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
Paper No. 49—A-69." 


of the Society. 
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as the rate of shear is a variable under the conditions of thick- 
film lubrication of journal bearings. 

It has been shown in hydrodynamic theory that the following 
equation formulated by Osborne Reynolds (4) applies in condi- 
tions of journal-bearing operation utilizing a copious supply of a 
viscous lubricant 


Op do. Op ah 
+—{-- = 6 — 
or \Z Or oy \Z oy dr 
This equation, although admitting certain simplifications, re- 


mains general in so far as the viscosity characteristics of the 
lubricant are concerned, allowing viscosity changes in both 
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the X and Y-directions for any cause whatsoever. Considera- 
ble difficulty has been experienced, however, in the determina- 
tion of a general, easily unc »rstood; and readily workable method 
for the solution of this equation. Much important work has been 
done in this respect by Reissner (5), Vogelpohl (6, 7, 8), Skinner 
(9), Kingsbury (10), and Christopherson (1). It is the last- 
named to whom we are indebted for the finite-difference formula 
which is to be used in this work. 

In its very simplest elements, the solution of a differential 
equation in finite-difference form consists of the substitution of 
finite quantities in the place of the infinitely small differentials 
existing in the original. On this basis then, the equation con- 
taining the finite differences lends itself to numerical computa- 
tidéns—however, at the sacrifice of accuracy. On the other hand, 
a satisfactory degree of accuracy can be obtained by limiting the 
finite differences to suitably small intervals simply as one ap- 
-proximates the slope of a graph by considering differences in the 
ordinates over suitably small intervals. 

Christopherson (1) has determined the following finite-differ- 
ence e xpressions as solutions of Reynolds equation’ 


4 
a\M/, M/, 


n=1 


which is accurate to the order of a2, or 


1G) 
~ 


which is accurate to the order of a‘. 

The summations in the foregoing equation apply to points 
equally spaced on the circumference (n-points) and at the center 
(o-points) of circles of radius a or 2a such as shown in Fig. 2, 
situated in the hydrodynamic field in the plane of relative mo- 
tion. , These points are thought of as nodes formed by a grid of 
equally spaced lines covering the field which is transformed into 
the X, ¥-plane as is shown in Figs. 2 and 3, where the latter shows 
the fine-grid node construction. 


to 
8 


It is necessary also to apply the relaxation method of Southwell 
(11) to the results determined by the foregoing formulas, since 
these results will be in error due to the necessity of using a coarse 
grid, Fig. 2, at the starting points. 


Viscosity ANALYSIS 


_ _Data are given in Table 1 for the reference grease which is to 
be used in the calculations. These data are for the same grease 
tested and reported by Cohn and Oren (2). 


TABLE 1 CAPILLARY VISCOSITY DATA 


U/h (rate of shear in -—Z (viscosity in pee: ~ 
reciprocal seconds) 77 ? de zF 115 deg F 

15.6 1132.4 717.3 

47.0 547.4 345.2 

108.9 262.1 183.0 

203.1 161.3 107.8 

434.0 89.1 59.9 

“678.7 63.2 42.6 

0 26.4 16.4 

15.0 


at 
t 
TRANSFORMED 
BEARING SURFACE 
Fic. 2) Initia, Nope ARRANGEMENT 
3 it #0 7 4 33 
n+20 3 9 7 2e 4 23 2 0) 
n440 § 8 47 414 43 | 40 
n460 73 72-7 7 


Fic. Fine-Griv Nope ARRANGEMENT 


A mathematical formula is fitted to each of the viscosity sets 
of values by a standard textbook method (12) which results in the 
following 


Z(at 77 deg F) = 10,960 ¢ ) + 6.8 


U \-0.7690 
Z (at 115 deg F) = as77 ( ) + 1.82 


This is done in order to extrapolate the existing.data in the direc- 
tion shown dotted in Fig. 1. 
. SoLuTIon or Finrre-DirFERENCE FORMULA 


A cylindrical l-in. X 1-in. bearing is selected for-investigation. 
The bearing surface is transformed as in Fig. 2, and an area as 
indicated is selected for investigation in which positive hydro- 


* dynamic pressures are anticipated. Furthermore, the area, 


consisting of 2 in. of the bearing arc, is selected in particular to 
enable initial calculations to be made for pressures at nodes 6, 


‘10, and 14, involving only pressures at nodes on the boundaries 


where the values for P,, are known to be zero. 
The appropriate phy sical values are dete rmined in the following 
c ale ulations: 


C = eccentricity factor = 0.46 (assumed) 
» = radial clearance of bearing and journal = 0.0082 in. 


E = eccentricity of bearing and journal centers 
= 0.46 X 0.0082 = 0.00377 in. 
Mean film temperature 115 F (assumed) a 


Journal speed 250 rpm 
ho = minimum film thickness = 0.0082 — 0.00377 = 0.0044 in. 
h, = film thickness at entrance = 0.0082 — 0.00377 cos 20 deg 
= 0.0117 in. 

U *™X1X250 13.1 

h, rate of shear at = 0.0177 = 00177 
1119 reciprocal sec 

Z, = 6376 (1119)~°-*® + 1.82, = 30.6 poises 
ro 0.580 


\ 
q 
r 
n 
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a,= 6+ 20 deg 
h n+ E X‘cos a 
H = —- =— = + cos (4— + 20) 
h, h, * h, 
oH —4E . —4 X 0.00377 ‘ 
= — sin + 20) = sin @ 
Ah, 0.0044 
= —3.425 sin a 
TABLE 2 
Node a *h H U/s/h Z Z/Ze of 
2 20 0.0177 2.66 1119 30.6 1.000 18.90 wis 
6 77°18" 0.0090 2.042 1457 °25.4 0.830 os 28 —1.932 
10 134°36’ 0.0056 1.272 2340 18.2 0.595 3.46 —2.442 


It is to be noted in Table 2 that the viscosity of the grease cal- 
culated at each of the nodes is based upon the circumferential 
rate of shear which is assumed to be constant across the thick- 
ness of the film. This involves two cases in point. The one case 
involves the assumption just mentioned, and amounts to the 
neglect of the second-order effect of pressure on the velocity dis- 
tribution across the film thickness. Further, it may be reasoned 
that the rate of shear as a function of x and y should be deter- 
mined correctly in the direction of the flow at the points under 
consideration. However, since the flow in the X-(or circum- 
ferential) direction is of such a higher order of magnitude than 
the flow endwise at any point, it is reasoned that the circumfer- 
ential rate of shear will be a satisfactory approximation and most 
especially so in this, the case of the highly viscous grease where 
the end flow is exceedingly low. 

The dimensionless pressure at node 6 is now caleulated as a 
sample 


0.3535" 
= = 
2(0.3535)? X 3.345 
= 0.00974 


2 (18.9) + 2 (3.46) + 4 (10.28) 


The pressures at nodes of progressively finer grids are calculated 
in a similar manner, using values at nodes previously determined. 

Since the formula gives accurate results only for fine grids and 
the foregoing values were based upon values determined ini- 
tially for an exceedingly coarse grid, it is necessary now to re- 
duce the error by the relaxation technique. - 


APPLICATION OF RELAXATION METHOD 


Numerical values called residuals are calculated by the reap- 
plication of the finite-difference formula. The residuals defined 
by 


F, + P, — 
a M/, 
n=l] 
H H oH 
3 3 
fe M/. M/, of 


are in effect the numerical inequalities existing in the equation 
‘lue to errors in the pressures. It is seen from the formula that a 
change in the residual may be made by effecting a change in the 
P,; in addition, a change in P, results in an accompanying change 
in the residual at the neighboring nodes. To facilitate making 
these changes the quantities 
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and 


4 
a M/,, M/, 
n=1 
are given symbols Ag—n and A,, respectively, and are called it in- 
fluence coefficients. Then at the center 


and at the n-nodes 


aF, = AP, X Ao-n = — AF, = 


The ratios Ap—n/A, are calculated in advance and serve as multi- 
pliers. 

In the manner then of reducing the residuals at each of the 
nodes successively according to the formulas given, values of ° 
corrected dimensionless pressures are obtained. 

In this, the first case, an additional series of calculations are 
necessary to extend the area under consideration throughout 
the convergent section of the channel. The results obtained 
thereby are given in Table 3 and plotted in Figs. 4, 5, 6, and 7, 
as the No. 1 set of curves. 

In a similar manner the values for the No. 2 set which were 
taken at the lower temperature, are determined, with the ex- 
ception, however, that instead of determining initially approxi- 
mate pressures by means of the formula, a rather arbitrary pres- 
sure distribution is assumed and corrections are made thereto 
by the relaxation method. 

The No. 3 set of curves shows the results at the conditions 
of a higher temperature and increased eccentricity factor. These 
curves result from the application of the second and more ac- 
curate finite-difference formula in the determination of the 
residuals. 


SUMMARY 


The reader's attention is invited first to the consideration of 
the viscosity curves in Fig. 1. It is here noted that the apparent 
viscosity levels off asymptotically at high values of rate of shear, 
which phenomenon has been reported by M. H. Arveson (3) and 
others, based upon experimental evidence. The term apparent 
viscosity is here used advisedly since the data given were deter- 
mined by the capillary-tube method, and there is some question 
as to its applicability because of the possible coring effect in the 
capillary, which may be attributed to the non-Newtonian 
characteristic of the grease. However, these data are of sufti- 
cient accuracy to demonstrate the general behavior of the 
lubricant. 

The curves in Figs. 4, 5, 6, and 7 are qualitatively similiar to 
those of the oil family; however, no quantitative comparison is 
attempted here because of the basic differences in the two types 
of lubricants and the impracticability of establishing the condi- 
tions for a rational basis of comparison. : 

Finally, the curves in Fig. 8 are to be noted. Here the curves 
for the No. 2 set of conditions are compared with those determined 
by an experimental investigation by Cohn and Oren (2) on a bear- 
ing of similar dimensions. The latter are shown dotted. Rather 
good conformity is therein noted, although it should be empha- 
sized that there is considerable uncertainty concerning the com- 
parableness of some of the corresponding physical conditions 
existing in the two cases. Possibly the most notable deviation is 
the diversity in the unit radial clearance. In this work the value 
of 0.0164 in. per in. was used, while Cohn and Oren report for 
their bearing a value of 0.0071 in. per in. Of similar importance 
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rABLE 3 CORRECTED PRESSURES FOR CURVES NO. 1 PSI 


n n+ 0 n+20 . n+ 40 n + 60 
1 0 0 0 0 
2 7.74 6.95 5.50 . 4.20 
3 13.88 12.77 9.42 6.10 
4 20.99 19.85 16.12 9.77 
5 26.39 24°88 20.52 13.43 
6 32.62 30.66 24.97 15-08 
7 39.6 37.0 29/9 17.5 
8 46.1 426 34.6 20.7 
9 50.8 4720 39.6 23:8 
10 51.1 45.0 38.4 23.8 
11 47.2 43.1 35.6 21.4, 
12 35.1 32:0 26.0 16.0 
13 17.7 14.1 13,2 —_— 
14 0 0 0 0 


CURVE 


80 77°F C= 
} 
CURVE |, 
N 
| | | 
2 12 14 


8 
NODES 


Pressure DistrisuTION at n-NopESs (CENTER) 


CURVE 


@ 
™D 


2s 
77°F C= 046 \ 
a | 
a c=046 \ 
\ 
a 
20 22 24 26 28 2 
NODES 
Fic. 5 Pressure Distrisution at n + 20 Nopes 


is the matter of the running position of the shaft, since there is 
no reported value of eccentricity in the experimental investiga- 
tion. The constant mean film temperature, as assumed herein for 
the lower (77 deg F) cases, roughly approximates the bearing shell 
temperatures observed by Cohn and Oren, and, although the 
finite-difference formula is adaptable to temperature variations 
in the film, no allowance was made for this occurrence in this 
work. 

It is also to be noted that although the curves were plotted to 
the same scale on the abscissa, their relative location was chosen 
arbitrarily, since this mathematical treatment does not de- 

-termine directly the angular position of the application of the 
load. 


CONCLUSIONS 


This work is presented as an illustration of the use of the finite- 
difference formula as applied to determining the pressure dis- 
tribution in a journal bearing using grease as a lubricant. In a 
similar manner, this same method can be used equally as well 
where other non-Newtonian substances are used, as well as New- 
tonian substances. This method may be considered as valid 
in so far as the assumptions made herein apply, and presents the 
possibility of the establishment of a simpler method which can 
be applied to everyday lubrication problems involving non- 
Newtonian lubricants. This can be accomplished through the 
analytical survey of the whole field of application by this method. 
Then the evolution of a semi: analytical method can be brought 
about, constructed on a rational basis. 
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Investigation of Lubricants for Power 


Circuit Breakers | 


This paper describes a technique for the selection of 
proper lubricants for power circuit breakers. The circuit 
breaker is described briefly, and its lubrication require- 
ments for dependable operation are discussed. The labo- 
ratory methods set up to determine the performance of 
the grease best suited for this application are outlined. 
Results of the laboratory test data are shown and ‘evaluated 
with reference to circuit-breaker requirements. Proper- 
ties of some typical greases are compared with their 
performance for this particular application. Because per- 
formance depends not only upon grease properties, but 
also upon the process of manufacture, the greases tested 
are referred to only in code. Life tests on actual circuit 
breakers have checked laboratory results. Therefore it 
is‘concluded that tests may be set up to determine the 
suitability of a lubricant for any particular application 


and especially for power circuit breakers. 


INTRODUCTION 


ROPER lubrication of power circuit breakers is a problem 
of considerable importance because the operation of the 
entire power system depends so completely on the reliable 
operation of the breakers under any emergency. When a short 
circuit occurs on a power line, the portion in which the.disturbance 
originated must be isolated quickly to prevent damage to as- 
sociated apparatus and to restore service to the rest of the system. 
Its‘entire operation must be completed in less than '/;) see. To 
obtain this high-speed operation, friction of all moving parts 
must be held to a minimum. “The better the lubrication of all 
friction points, the lower the friction which will be encountered 
This means higher speed of operation and longer life of all moving 
parts. 
The lubrication problem in power-circuit-breaker bearings and 
.other friction points is peculiar in that the motion is extremely 
intermittent, generally oscillatory, and generally heavily loaded. 
The contacts of the power circuit breaker are opened in response 
to the operation of a high-speed relay by means of a powerful 
driving force properly connected through cranks, cams, and roll-, 
ers. The driving force is generally obtained from energy stored 
in compressed springs, or compressed air. Quick opening is ac- 
complished by suddenly releasing this stored energy, Each pass- 
ing year has seen the size and speed of circuit breakers increase. 
With each such increase, the duty on bearings has also increased, 
as indicated in Fig. 1. To keep friction and maintenance to a 
minimum, better and better lubricants have been required. 

Hand in hand with this development went the choice of the proper 

lubricant for the bearings depending on the duty they perform. 
Fig. 2 is a magne-blast circuit breaker rated at 13,800 volts and 

' Development Engineer, Switchgear Divisions, General Electric 
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Fic. 1 Generar CHRONOLOGICAL DEVELOPMENT OF ALLOWABLE 
BEARING COMPARED TO OTHER Power-Cincurr-BREAKER 
CHARACTERISTICS 


Fig. 2) Magne-Brast Power Crrevit Breaker Ratrep 500,000 
Kva at 13,800 Voits 


(Bearings must operate instantly but intermittently at medium speed and 
relatively heavy loading.) 


500,000 kva interrupting capacity, Which represents one of the 
smaller types of modern circuit breakers. Fig. 3 is a 360,000-volt 
circuit breaker with an interrupting capacity of 10,000,000 kva, 
which represents the highest-capacity circuit breaker yet developed 
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Pie. Orn Crrevir Breaker 
Rarep 10,000,000 Kva at 360,000 


(Interrupting time 0.05 see; reclosing time 0.167 sec. ° Inset of breaker from 
fig. 2 compares sizes.) 


Its 6 sets of contacts are designed to carry 1000 amp continuously, 
to open in 0.05 sec and reclose in 0.16 see. For comparison of 
size, the inset at the lower left-hand corner shows the breaker 
from Fig. 2 to the same scale as this breaker. The development 
of most modern breakers would not have been possible without 
corresponding development in bearings and lubricants to keep 
friction to a minimum. 


LUBRICATION REQUIREMENTS OF MODERN BREAKERS 


It is well known that greases provide better lubrication than 
oils for power circuit breakers because they stay in the bearings 
better than oils under high pressures. They also exclude dirt to a 
greater degree than oils. This is especially true on fextolite 
bearings,?. and open antifriction or rolling-friction bearings. 
However, grease lubricants tend to stiffen up with time because 
of oxidation. In bearings in circuit-breaker mechanisms, where 
the available torque for initiating operation is low, this added 
friction may be serious because it may prevent the circuit breaker 
from opening. Some breaker bearings have been found in service 
in which the grease was practically solid around the rollers of trip 
latches. In cases when such breakers opened, it was found that 
the opening time had increased 3 to 5 times. This may be very 
serious under short-circuit conditions. Further investigation of 


?*Heavy-Duty Bearings With Intermittent Oscillatory Motion,” 
by R. R. Bush, presented at the Fall Meeting, Erie, Pa., September 
28-30, 1949, of Tue American Socrety or MECHANICAL ENGINEERS. 
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these cases showed the torque required to operate the trip latch 
had increased several times over the normal torque required for 
tripping, because of hardened grease. “The only assurance users 
have had of proper operation of circuit breakers has been periodic 
checking with a time-travel recorder to see that they have the 
proper speed. On outdoor breakers, located in cold climates, the 
increase in consistency, or decrease in penetration, with tempera- 
ture is also a problem with many greases. 

Another duty that greases must perform in power circuit 
breakers is protection from corrosion and rusting of bearings and 
other sliding metal parts, both during storage before placing in 
service, and after being placed in service. Humidity or corrosive 
itmospheres are particularly severe on roller bearings unless they 
ire properly protected with a film of lubricant. 

In sleeve bearings, the coefficient of friction varies widely with 
the type and condition of the lubricant. | This is critical because 
of the high bearing pressures used in circuit breakers. -With 

‘older metallic-bushing bearings, the grease film must persist at 
pressures around 7000 psi and in the modern textolite-bushing 
bearings at around 10,000 psi. Many greases may be found to 
satisfy one or more of the requirements just outlined, but to find 
one which will satisfy all these requirements is much more diffi- 
cult. 

The dependable and trouble-free operation of power circuit 
breakers under all conditions, however, dictates that the lubricant 
used meet all these requirements. Preferably a single lubri- 
‘ant should be used in all locations of a given circuit breaker to 
ivoid the necessity of selection on the part of the maintenance crew 
ind to avoid the stocking of several types of greases. Hence this 
investigation was initiated to determine the best type of lubri- 
‘ant for use in modern power circuit breakers. It must be 
realized that the best grease from an over-all standpoint will not 
necessarily be the best grease from all standpoints. _ This review, 
therefore, is presented more to point out the method of investiga- 
tion rather than as a grease recommendation; and, accordingly, 
all greases are referred to by number only. 


OF ATTACKING THE PROBLEM 


Engineers from a number of lubricating companies were asked 
to review the problem. All agreed it was worth while to look for 
one grease, although the possibilities of finding one suitable for all 
operating conditions were doubtful. Accordingly, the following 


specifications were set down for the grease: F 
1 High resistance to oxidation. ‘ 
2 Operating temperature range from ——-30 F to +150 F. 
3. Good lubricating qualities. 
Good corrosion protection. 
5 Must not be forced out of bearing under high pressure. 


With these points in mind, some thirty different greases were 
recommended for investigation. 

The first check was on oxidation. The shelf life of the grease 
was considered the criterion for grease in antifriction bearings, 
because of the short working life and intermittent oscillatory 
motion imposed on them in circuit breakers. The Norma-Hoff- 
man bomb test gave the best laboratory measure of this property, 
but the test was time-consuming. 

For textolite sleeve bearings, it was considered that the oxida- 
tion of a’thin film would be more indicative of the lasting qualities 
of the grease. In order to produce thin films for oxidation 
tests, a tool, shown in Fig. 4, was devised, the knife-edge of which 
spread an even thin film of grease on a chromium-plated steel 


_ plate measuring lin. X 5in. X 12 in. This plate was lapped to 
“a flatness of about 15 microinches before flash-plating with 


chromium about 0.0002 in. thick. The 0.001-in. thickness of 
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Fic. Apparatus ror THin-Fitm Oxipation Tests 


Fic. Bearing Test MacuHine For 
the film of grease as laid down was checked to within 0.0001 in. 
by a Gardner interchemical thickness gage. 

Several greases were put on the plate at the same time and 
- then placed in a circulating oven at 100 C. It was considered 
that any grease used for this purpose should remain relatively 
intact at this temperature and that the oxidation would be ac- 
celerated to give a comparative answer in a reasonable time. 
Greases which were not acceptable lost their lubricating proper- 
ties in as short a time as 24 hr while many of the more acceptable 
ones lasted at least 120 hr. Some of the best greases retained 
their lubricating properties for even longer periods. 

As soon as a grease indicated it might pass the thin-film oxida- 
tion test, it was checked in an ordinary refrigerator for 48 hr to 
‘see if it showed stiffening as lowered temperatures occurred, If 
it indicated satisfactory performance under these conditions, the 
grease was put on friction test in textolite bearings on the test 
machine shown in Fig. 5: Corrosion tests also were run at this 
time in both salt-spray and humidity chambers. 


Pest ann Frerion 


The friction test was run 100 operations at 8000 psi of projected 
area, 100 operations at 10,000 psi of projected area, and 100 at 
12,000 psi. Starting and running friction were measured after 
each of the steps and if everything appeared satisfactory, a 14,000 
operation life test was run at 12,000 psi. Starting and moving 
friction were determined at intervals during the run. Also, the 
machine was left standing overnight and over week ends and the 
starting friction measured just before resuming the run. The 
frictional values for both starting and running were compared 
because both are equally important in circuit breakers which 
must trip instantly and open at high speed. When a grease had 
passed the friction test, the thin-film test, the refrigerator cold 
test, and appeared to be satisfactory on the corrosion tests, then a 
Norma-Hoffman oxygen-bomb® test, and a torque-temperature 


**Some Applications of an Accelerated Test for Determining the 


Chemical Stability of Lubricating Greases,” by F. L. Wright and 
H. A. Mills, Proceedings of the ASTM, vol. 3S, part 2, 1938, pp 
525-538. 
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test in a ball bearing were run. To check with types of sliding 
bearings other than textolite, friction runs were also taken on 


bronze bearings. Evaporation tests were also made’ on those’ 


greases which showed promise. 
With the laboratory tests all satisfactory, the grease was then 
put in actual circuit breakers as a final check. 
RESULTS OF TESTS 
-+Following will be a review of the results of tests made on 2 
representative number of the greases investigated. It must be 


realized that ‘any statement given applies only to the peculiar ap- ” 


plication investigated under the conditions outlined and is not a 
criterion for that grease under conditions, different from those 
under consideration. Also, for the purpose of avoiding any 
possible undesirable reflection on any product, the greases are 
coded with only number reference. Table 1 is a, tabulation of 
general performance as determined by test.- Since readings were 
comparative, designations are listed as “acceptable” or “unac- 
ceptable.” If any grease approaches acceptable in any given 
requirement, it is marked unacceptable and starred to indicate 
that further investigation is Warranted. Table 2 lists general 
properties of several representative types of these greases to- 


gether with general performance. Space does not permit listing. 


all greases tested. Again, it is realized that the properties do not 
tell the whole story as to how a grease may perform. They are 
given merely to show any relation they might have to their, per- 
formances under the conditions tested.4 For better understand- 
ing of these tables, the following curves show typical dets ailed test 
data. 

Fig. 6 shows the performance of two greases acceptable for 
friction. Fig. 7 shows the performance of two greases unac- 
ceptable for bearing friction. No grease was considered accepta- 
ble which showed a marked tendency to exceed 0.10 coeffi- 
cient of starting friction during a run. Starting friction after a 


long period of rest might exceed this figure but would not be de- ’ 


sirable. The maximum reached when grease 21 was used was 


0.128 in one case. With grease 14, the coefficient of friction never * 


exceeded 0.11 when the grease was new. However, when quite 
old, it would permit scoring of the bearings and pin after a short 
run at the high pressures involved. Fig. 8 illustrates oxygen- 
pressure loss with time in the Norma-Hoffman bomb. These 
curves give relative resistance to oxidation of four different 
greases. 

Fig. 9 shows torque-temperature properties of two greases of 
widely different composition. Both of the greases illustrated 
were acceptable on this test as it indicates low torque on ball 
bearings in cold weather. . Fig. 10 illustrates the loss by evapora- 
tion of 5-g samples of different greases pl: aced in an oven at 210 F. 

Examination of the tables and charts will reveal that grease 21, 
when compared with others, performed most consistently ac- 
ceptable in all tests to which it was submitted. It also will be 
noted that while its average performance is good all around for the 
purpose investigated, other greases exceeded it on some points; 
but fell down on others. 

It appears that inhibitors against oxidation are mandatory. 
Rust inhibitors are a help against corrosion, but other ingredients 
may accomplish this protection. The sodium soap base appears 
to perform better on resistance to oxidation than calcium soap 
base, but either is good on friction when formulated with petro- 
leum oil having in the neighborhood of 275 SUS viscosity at 100 F, 
and showing a consistency of around 275 penetration. The 
lithium soap base with a 300 SUS viscosity performed much 
better on the friction machine than those with lighter oils, 

‘Functional Tests for Lubricants and Their Interpretation,”’ by 


T. G. Roehner and E. 8S. Carmichael, Lubrication Engineering, vol. 
5 February, 1949, pp. 15-18 and 47. 
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TABLE 1 RESULTS OF PERFORMANCE TESTS AS CONDUCTED 
ON GREASES BY LABORATORY METHODS 
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T ABLE 2 CHARACTERISTIC PROPERTIES OF SEVERAL 
GREASES LISTED AGAINST RESULTS OF PERFORMANCE TESTS 
AS CONDUCTED BY LABORATORY METHODS 


PROPERTIES © PERFORMANCE 
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*= Acceptable b = Also bomb _ test—induction 
= Unacceptable period exceeds 1000 hr 
Warrants further investigation ec = Also torque test —900 gm em 
to start at —30 F 


although the test results did not show up good enough. Gen- 


erally, they gave the least protection in corrosion tests out showed . 


very good resistance to oxidation. 

It may be of interest here to mention that dry lubrication was 
tried on textolite bearings and stainless-steel shafts without 
success at any pressures in the ranges considered. 

After the laboratory tests, grease 21 was put on life tests on 
large and small-sized breakers. Its performance met expectations 
in all cases except on high-speed open gearing. Tt lacked the 
ability to stick fast on these fast-rotating parts. Circuit breakers 
have few such applications in their design. 

CONCLUSIONS 

Review of the data reveals that much investigation is necessary 
to determine the suitability of a lubricant for any particular ap- 
paratus. It was possible to find a grease that fulfilled most of the 
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requirements set down for the particular application. For a few 
very special considerations a special lubricant is necessary. 
Investigation shows that laboratory tests are the quickest and the 
most reliable way to check a large number of possible greases for 
a specific application. Results obtained in an actual circuit 
breaker gave performance far superior to any of the standard 


greases previously used for this application. Each application, 
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however, will require its own peculiar tests of several lubricants, 
and different weights will be given to each characteristic to arrive 
at an acceptable solution for that application. Life tests then 
must be made on the apparatus itself to insure that performance 
on all points is satisfactory. In circuit breakers, such a lubrica- 
tion investigation has yielded results far better than could have 
been obtained in any other way. 


800 


7000 


6000). 


4000) 


3000 
1000 


“00 -80 -60 -40 -20 O +20 +40 .60 80 
. TEMPERATURE IN DEGREES FAHRENHEIT 


TORQUE IN GRAM- CENTIMETERS 


Fic. 9 CURVE SHEET SHOWING TEMPERATURE-TORQUE (HARAC- 
TERISTICS OF TWo GREASER 


= 
wld 
@ 
aD 
8 
74,7 | 
W 
5* 
24 
oO 
i) 
a 2 


° 50 100 150 200 250 300 350 
EXPOSURE TIME IN HOURS 


Fic. 10) CURVE SHEET SHOWING EVAPORATION Losses OF SEVERAL 
Greases at 210 F 


Discussion 

V. L. Barr. One very important point which needs restres- 
sing is that this work was conducted to find a suitable lubricant 
for sleeve-type bearings, primarily textolite. The bearing pres- 
sures shown in Fig. | of the paper, for instance, are for this type 
bearing and not antifriction bearings. Successful applications of 
needle-type bearings under similar service conditions operate at 
much higher loading on a projected-area basis. 

The data presented are applicable to antifriction bearings, but 
not in the same order of importance as shown in this paper. For 
ball and roller bearings, we would list the requirements in the 
following order: 


* Director of Engineering, Roller Bearing Company of America, 
Trenton, N. J. Jun. ASME. 
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1 Resistance to oxidation 
2 Wide temperature range of operation. 
3 Corrosion protection. 


4 Good lubricating qualities. 


The author’s last requirement has no particular interest for 
antifriction bearings. 

For the particular service required in circuit breakers, we 
are not too concerned with the lubrication properties of a 
grease. For continuous-rotating applications, however, this 
is not true. 
: With these points in mind and reviewing Table 1 of the paper, 
it is the writer’s opinion that grease No. 16 would be very’satis- 
factory for the antifriction bearings used in circuit breakers. 
Assuming corrosion conditions are not too severe, grease No. 2 
would be highly satisfactory. Grease No..11 we feel should be 
investigated further since it may be satisfactory for antifriction 
bearings. 

Perhaps ‘from Table 2 some of the greases may be recognized in 
terms of governmental specifications. In this respect, it is our 
opinion that service received from various manufacturers’ prod- 
ucts, meeting a particular specification, is quite varied. We 
believe any specifications for lubricants should inelude more 
performance-test requirements. | 

To stress further the difference in requirements between sleeve 
bearings and antifriction bearings, the variation between greases 
Nos. 21 and 16 from Fig. 9 will be noted. “Grease No. 16 is 
much.more desirable at the extreme low temperatures, yet, on the 
friction machine, grease No. 16 is unsatisfactory, while No. 21 
was acceptable. 
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This last point suggests that for sensitive tripping mechanisms 
in extreme cold it may be absolutely necessary to use a grease 
such as No. -16 in the antifriction bearings. 


AvuTHOR’s CLOSURE 
Mr. Barr has ably pointed out the difference between the re- 
quirements of an antifriction bearing used in a powef circuit 
breaker and those of the same bearing working under what might 
be termed the usual running conditions. It must be remembered, 


. however, that the grease selected for this application operates 


successfully in both the antifriction bearings ahd the textolite 
sleeve bearings working under the intermittent oscillatory motion 
encountered in circuit breakers. 

Had the problem been restricted entirely to antifriction bear- 
ings, both greases No. 16 and No. 2 would have given better 
operation at lower temperatures than was required. Grease No. 
11, however, was not as good in this respect as grease No. 21 
which was chosen. The need for one all-purpose grease was 
imperative for this application and the selection was made on this 
basis. 

The suggestion that specifications for lubricants should include 
more performance-test requirements is very timely. These re- 
quirements should be such that they can be checked in the labo- 
ratory with reasonable facility. The time required to work 
vut a suitable set of‘tests as a procedure for screening the lubri- 
cants before final life tests will yield dividends. Each applica- 
tion will require its own’ peculiar tests of several lubricants, and 
different weights will be given to each characteristic to arrive 
at an acceptable solution for the application being considered. 
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4 
Heat Transfer to Superheated Steam 
at High Pressures 


By W. H. McADAMS,' W. E. KENNEL,? ano J. N. ADDOMS? 


Local coefficients of heat transfer trom a 12.3-in. length 
of 0.252-in. tubing to steam flowing upward in a vertical 
annulus were measured for pressures from 115 to 3500 
psia, for temperatures from 430 to 1000 F, and for tempera’ 
ture differences from 100 to 620 F. All results are cor- 
related in Fig. 8 in terms of the local Nusselt number, the 
Reynolds number, the Prandtl] number, and the geomet- 
rical ratio /D,, with the physical properties evaluated 
at the film temperature. An improved correlation, em- 
ploying new data on thermal conductivity, is presented 


in Fig. 10 of the Addendum. 


NOMENCLATURE 
The following nomenclature is used in the paper: 
A = area of heat-transfer surface, sq ft 
a = constant, dimensionless 
c = specific heat of fluid at constant pressure, Btu/(Ib) 
(deg F) 
D = diameter, ft 
D, = equivalent diameter, equal to 4 times the hydraulic 
radius based on total wetted perimeter, ft 
prefix, indicating first derivative, dimensionless 
mean value of friction factor, dimensionless 
mass velocity of fluid, lb/(hr) (sq ft of cross section) 
local coefficient of heat transfer, Btu/(hr) (sq ft) (deg 
F); h,, for mean value 
7?R = rate of electrical generation of heat in wall of heater, 
Btu/hr 
K = function of L/D,, defined by Equation [9] 
k = thermal conductivity of fluid, Btu/(hr) (ft) (deg F); 
k, for wall of heater 


2 


= length of heat-transfer surface, ft 
m = exponent, dimensionless 4 
q = rate of heat transfer, Btu/hr Ad 
q/A = density of heat flux, Btu/(hr) (sq ft) a 
r = radius of wall of heater, ft 
S = cross section for fluid flow, sq ft; +/)?/4 inside tubes; 
— D,*)/4 in annuli 
t = bulk temperature of fluid, deg F 
V = average velocity of fluid, based on density at bulk- 
stream temperature, ft/hr 
X,X’, X” = abscissas of Figs. 4, 5, 6, dimensionless 1 


x, = thickness of wall of heater 
Y,Y’, = ordinates of Figs. 4, 5, 6, 8 
At = temperature potential, deg F 
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viscosity of fluid, Ib/(hr) (ft), equal to 2.42 & viscosity 
in centipoises 

= 3.1416 

p = density of fluid, lb/cu ft 


Subscripts: 
1,2 = entering and leaving ° 
conduction and convection 
f = physical property evaluated at film temperature: ¢, 
equals (t + ¢,,)/2 
inside wall of heater 


= 
= mean 
= outside wall of heater 
r = by radiation 
= total by conduction, convection, and radiation 
= physical property evaluated at wall temperature /, 
= 


wi, wo inside wall, outside wall, of heater 


Dimensionless Moduli: 


cu/k = Prandtl number 
DG/u = Reynolds number based on inside diameter 
tube 
D,G/u = Reynolds number based on equivalent 
diameter D, 
DVp,/u, = modified Reynolds number 


hD,/k = Nusselt number, local 
h,,D/k, h,,D,/k = Nusselt number, mean 
“Me uw = ratio of viscosities 
L/D, L/D, = geometrical ratios 


INTRODUCTION 


The object of this investigation was to determine local or point 
coefficients of heat transfer from metal to superheated steam at 
pressures up to 3500 psia, for a heater having an outside diamete: 
of 0.25 in., concentrically located in an unheated vertical jacket 
having an inside diameter of 0.382 in. Mass velocities in the 
annulus were to be restricted to the range from 55,000 to 165,000 
lb per hr per sq ft of cross section. Heater temperatures were 
to be as high as possible. 


RevVIEW OF THE LITERATURE ON HEATING AND COOLING 


Turbulent Flow Inside Tubes. Various mathematical analogies 
between the transfer of heat and momentum lead to quantitative 
relations among four dimensionless moduli as follows: 


h,,D/k, mean Nusselt number, based on heated length 
cu/k, Prandt! number, which is ratio of molecular diffusivity 
of momentum (u/p) to molecular diffusivity of heat (k/pc) 
DV DG... 
- = , “diameter” Reynolds 
u/p 


number, which is a ratio of acceleration forces to viscous forces. 
fm, Mean friction factor, equal to shear stress at wall, divided 
by pV?/2g.. 
In deriving the analogies, various simplifying assumptions are 
made, such as, the flow is fully developed and incompressible, 
the physical properties are independent of temperature, and 
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the velocity distribution is known and is independent of At. 

Owing to lack of fundamental information on temperature and 
velocity profiles, expertmental data on mean heat-transter co- 
efficients are usually correlated empirically in terms of the first 
three of the dimensionless numbers just listed, or their equivalent. 
“The empirical equations differ as to the temperatures at which 
the physical properties are evaluated. 


To allow for variation 
in properties with temperature, ratios such as /uw, p/pe, and 
k/k, are sometimes introduced. 

In the last 16 years three types of equations have been ac- 
cepted generally for predicting coefficients for heating fluids 
flowing inside tubes: 

All physical properties are based on bulk-stream temperature t 


= ( ) 


Reference :* a m 
(6), (12) 0 O24 04 
10), (11) 0 O28 0.4 

(7) 0 021 1/3 


h,,D/k 
. (cu k 
Equation 

[1c] 

All physical properties are based on bulk-stream temperature, 
except istakenatt, = (t +t,,)/2 

Reference a 
(4) 0. 0238 


All physical properties are based on bulk-stream temperature, 
except 


(h,,.D /k) (=y" 
(eu/k)™ 


Reference: 


Equation 

[3a | 

[3h | 

The foregoing equations are based on experimental data 
relatively small values of At; at moderate At; they predict 
proximately the same values of h,, for water 

A recent paper (8) reports data on heating air at Af up to 940 | 
and at DG/u from 10,000 to 230,000. Regardless of whether th 
physical properties were evaluated at the bulk-stream tempera- 
“ture or at the wall temperature, the data fell on curves of chang- 
ing slope, and the data were lower than predicted by Equations 
fla] and [1b+4. 
by the equation 


The data were brought into close agreement (8 


re)" 
=a 
(cu k 


whereif all physical properties are evaluated at the wall tempe 
ture, and a modified Reynolds number 


With a bellmouth entry (8), and for L/D of 60 
the constant a was 0.022 


h,,D/k,, DV, 
= 0.022 
(cu 


Alternatively, (cu/k),, could be omitted (8) giving 


h,,D 
= 0.018 er 
ky Hw 


No other data at high At are available for heating gases. The 


was employed. 


[4b] 


‘ Numbers in parentheses refer to the Bibliography at the end 
of the paper. 


- 17,000 to 56,000, for 
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literature contains no reliable data on heat transfer to steam under 
conditions of high pressure and high At. 

Reference (1) shows curves of the local coefficient for air versus 
L/D for the entrance section of a tube at values of DG/u from 
a mumber of entrance conditions. For 
flow in a tube following a sudden contraction, the initial value of 
h (for the first 0.56 diam) was roughly twice that at L/D of 10. 
Reference (3) reports results for DG/u from 18,000 to 8000, which 
indicate that the local heat-transfer coefficient varies as the 
minus 0.15 power of L/D, for the first 31.5 diam. : 

Turbulent Flow in Annuli. While several equations have been 


proposed, the latest is that of reference (2) ; 


= 0.023 


wherein all physical properties, except u,,, are evaluated*at the 
bulk-stream: temperature; D, is equal to 4 times the hydraulic 


radius based on total wetted perimeter, and is equal to Dz — D,. 


Further support of the use of D, is given by the results of refer- 
ence (5) for rectangular passages; as shown in reference (11), 
these data ran 10 to 25 per cent below Equation {15}. 


Introduction. To accomplish the objectives, an apparatus 


capable of withstanding pressures of 3500 psia at 1000 F and per- 


5. Reference (11), p. 198. 


Hich-Pressure Apparatus, Wits Sree. Sarery Boots 


REMOVED 
(Right foreground, adjustable-stroke 4-cylinder pump, feed reservoir, and 
condensate-measuring tube. Heavily insulated 13-pass electrically heated 
series boiler is located in front of the a-c switchboard, and condenser and 
cooler are visible. Heavily insulated test section, and the d-c busbars, are 
mounted just behind control panel near nitrogen cylinder.) 
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Fig. 2. Test Section Berore 


(Leads to thermocouples installed inside heating tube are brought out 
through nitrogen-pressurized fitting at top. T l-c power connections and 
potential taps can be seen. Further details shown in Fig. 3.) 


mitting accurate measurement of the local heat flow and local 
temperature driving foree was required. Condensing mercury 
vapor, molten metals, and fused salis were considered as sources of 
heat but were discarded in favor of electric heat generated in the 
wall of a metal tube. Because the wall of the electrically heated 
tube had to be thin to avoid use of excessive current and to mini- 
mize longitudinal conduction of heat, it was impossible to use the 
tube itself as the pressure vessel.” Consequently, the electrically 
heated tube was pressurized internally with nitrogen, and was 


located concentrically in a high-pressure jacket, thus forming’ 


an annular passage for flow of steam 

The procedure was to heat superheated steam as it flowed up- 
ward at a measured rate through the annular space. The heat 
dissipated by the heating element was calculated from electrical 
measurements; the corresponding temperature of the heating 
element was determined by measuring the inside temperature 
and correcting for the radial temperature gradient in the wall. 
The temperature of the steam was measured at the entrance and 
exit of the test section and was corrected for heat losses. ‘The 
point coefficient of heat transfer could be calculated from the 
data for given flow conditions. 

Apparatus. The apparatus was a flow system in which water 
was drawn from a reservoir and pumped through a preheater, a 
test section, throttle valves, a condenser and condensate cooler, 
and back to the reservoir. Views of the apparatus are shown in 
Figs. | and 2. Stainless steel, which has good corrosion resist- 


UPPER NICKEL LEAD 
_ THERMOCOUPLE INSERTED 
ANDO HEATING ELEMENT 

PRESSURIZED THROUGH 
THIS LEAD 


TEST 
SECTION 


HEATING ELEMENT 
(TYPE 304 SS) 

0 25°00 X0033"WALL. 
X 12.28° LONG 


_ANNULUS JACKET 
(TYPE 303 Ss) 
03863" 


4 
THERMOCOUPLES 
O- PRESSURE TAPS 


EXPANSION JOINT 
OF FINE - STRAND 
COPPER WIRE 


NICKEL LEAD - 


SOAPS TONE 
WASHER 


Fic. 3) Detartep Drawing oF Test Section 


ance and strength at high temperatures, was used as the mate- 
rial of construction. Safety devices included a movable steel 
booth enclosing the entire apparatus, two rupture disks calibrated 
to blow at 4400 psia, and an automatic device to shut off electrical 
power whenever the pressure decreased substantially 

A four-cylinder pump of the positive-displacement type drew 
water from the reservoir at. atmospheric pressure and injected it 
into the high-pressure system. The flow rate was measured 


-volumetrically at the inlet of the pump. 


The preheater, seen in Fig. 1, took cold water from the pump 
and produced superheated steam at any desired temperature up 

to 900 F at flow rates up to 75 lb per hr. It consisted of 80 ft of 

3/.-in. extra-heavy stainless-steel pipe covered with insulation 

and electrical windings capable of dissipating 35 kw at 110 al- 
ternating current. Power to the preheater was controlled by 
switches on each of 12 electrical windings and by a Variae on the 

last winding. Total preheater power was indicated by a watt- 
meter. A spiral strip of stainless steel was inserted in the last | 
two 6-ft lengths of the preheater to impart a centrifugal motion to— 
the fluid, so that any entrained liquid would contact the heated _ 
wall and thus be vaporized. 

The test section (Figs. 2 and 3), consisted of a vertical annulus 
in which a stainless-steel heating element was mounted coaxially 
inside a pressuré jacket which had an inside diameter of 0.382-in. 
Removable end closures on the pressure jacket were equipped 
with insulated nickel leads which supplied electrical power. The 
heating element was a stainless-steel tube having an outside 
diameter of 0.252 in., a length of 12.28 in., and a wall thickness of 


: 
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0.0332 in. At the lower end it was silver-soldered to an adapter 
‘on a flexible connection which served as an expansion joint and 
electrical lead. At the upper end, the element was silver- 
soldered to a hollow nickel electrical lead through which were 
inserted four chromel-alumel thermocouples, spaced at 3-in. 
intervals. By means of a special fitting on the open end of the 
upper nickel lead, nitrogen pressure was applied to the inside of 
the heating element to prevent collapse under the external pres- 
sure of the steam. 

Iron-constantan thermocouples were installed in wells at the 
entrance and exit of the test section to measure steam tempera- 
tures. Ten thermocouples were installed in small radial holes 
in the wall of the pressure jacket to permit estimates of tempera- 
ture at the inner surface. : 

Power to the test section was supplied by a 15-volt 1000-amp 
direct-current generator. To measure voltage drop across the 
heating element a voltage-divider circuit, consisting of a 10-ohm 
resistor and a 1000-ohm resistor, was-connected across the heat- 
ing element. A calibrated 0.00005-ohm resistor was connected 
in series with the heating element to determine the current. 
The voltage drop across the 10-ohm resistor and the 0.00005-ohm 
resistor, and the potential generated by the thermocouples, were 
measured by means of a portable precision potentiometer. — 

Following the test section, '/s-in. and */s-in. needle valves were 
installed in parallel to throttle the steam from operating pressure 
to that at the entrance to the condenser and cooler. 

Operating Procedure. Before mounting a heating element in 
the test section, the resistances of its component parts were deter- 
mined. The thermocouple assembly was then inserted in the 
heating element, which was mounted in the test section. The 
end closures were secured, and the system was pressure-tested. 

The throttle valves were opened, the pump was started, and 
the desired flow rate was set by adjusting the stroke of the pump. 
The power to the preheater was then turned on and adjusted to 
approximately the desired value, and the temperature of the sys- 

* tem was allowed to rise. The desired operating conditions 
were approached by adjusting the throttle valves and the power 
to the preheater. After a final adjustment of the pump to.the 
desired flow rate, the system was allowed to come to a steady- 
state condition. 

The approach to steady-state condition was determined by 
plotting the difference between the millivolt readings of the ther- 
mocouples measuring inlet and outlet steam temperature versus 
time. When this temperature rise became substantially con- 
stant, arun was begun. Each run was made with constant flow 
rate, pressure, and temperature of the inlet steam. 

The first one or two data points in each run were taken with 
no power to the heating element, in order to determine the heat 
loss. Data points were then taken at various settings of power 
input to the test section. Most of the runs were concluded at 
power inputs such that the temperature inside the heating element 
did not exceed 1300 F, because early runs showed that operation 
at higher temperatures caused warping and discoloration. 

Method of Calculation. For each setting of power to the test 
section, the total density of heat flux, the heat transferred by 
radiation (see Appendix), the temperature of the outside wall of 
the heating element, the bulk temperature of the steam, the Af, 
and the local coefficient of heat transfer were calculated. Each 
of these factors was evaluated at four positions corresponding 


to the locations of the thermocouples inside the heating element. * 


The power dissipated by the heating element was calculated 
by using the product J?R where J is the current through the heat- 
ing element and R is the resistance at the average wall tempera- 
ture. The density of heat flux was then calculated from the 
power dissipated and the dimensions of the heating element. 
The temperature of the outer. wall of the heating element was 
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determined from the temperature of the inside wall by subtract 
ing the temperature drop through the wall 


dA,/ k, \2 - r 
dk l 
dA,/ \2 6D, 


Mad 


Kquation, [6] was derived by assuming uniform generation ot! 


heat per unit volume of the wall and constant thermal conduc- 
tivity at the average wall temperature; Equation [6a] follows 
upon expansion of the logarithmic term. For the densities of 
heat flux employed, the (At), calculated from Equation [6a] was 
sufficiently close to that calculated by allowing for variation of 
thermal conductivity and electrical resistivity with temperature. 

Since the temperature of the steam was measured only at the 


entrance and exit of the last section, it was necessary to calculate - 


the temperature of the steam at the positions corresponding to 
the four thermocouples. The heat lost by the steam while it 
flowed from the entrance to any point in the test section was de- 
termined from-data at zero heat input. The heat generated by 
the heating element up to the same position was calculated. 
The increase in the temperature-of the steam from the entrance 
to the desired location was calculated by difference. 

The local rate of heat transfer by the combined mechanisms of 
conduetion and -convection (dg,/dA,) was obtained by deducting 
an estimate for radiation (dg,/dA,) from the total local flux 
(dq,/dA,). Since the emissivity and absorptivity of water vapor 
for radiation have not*been investigated at high pressure, it was 
necessary to extrapolate the values from atmospheric pressure (see 
Appendix). The radiation correction never exceeded 12 per cent 
and usually was less than 10 per cent. 

The local At and the local density of heat flux dg,/dA, were used 
to calculate the local coefficient of heat transfer 


dq, dq, dq. 
dA, _ 4A, dA, 
At 
RESULTS 

Twenty-seven runs were made, of which twenty-five were suc- 
cessful. The ranges of pressure, temperature, and mass velocity 
are given in Table 1. Over-all heat balances were good, allowing 
for heat losses. Points of two kinds were eliminated; those for 
outer wall temperatures above 1300 F, and those with At less 
than 100 F. The points in the former category were discarded 
because there was the probability of distortion and oxidation of 


the heater. All data with At of less than 100 F were eliminated,. 


since slight changes in line voltage to the preheater made precise 
control of the steam temperature difficult; a change of 1 per cent 


. in the preheater power resulted in 10 to 12 F change in steam 


temperature. ‘ 

The local Nusselt numbers, Prandtl numbers, Reynolds num- 
bets, length-diameter ratios, and viscosity ratios were tabulated 
for all the data to be correlated. Local Nusselt numbers at 
L/D, of 57 are plotted in Figs. 4, 5, and 6. 

Plots similar to Figs. 4, 5, and 6 were made for local Nusselt 
numbers at L/D, of 11.4; the trends were similar to those shown 
in Figs. 4, 5, and 6. In addition, plots similar to Figs. 4 and 6 
were constructed for the local Nusselt numbers at L/D, of 37 and 
80. 

The effect of L/D, was determined from Fig. 6 and similar 
plots. The best straight line was drawn through each set of 
points, and the constant K in the equation 

= K (X")**., 
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CORRELATION FOR L/Dg« 57 
Pressure, 4 WITH ALL PROPERTIES | 
psia ; t, deg — AT AVERAGE FILM. TEMP TT 
115 : 477-735 | 


+ 4 


TABLE 1 RANGES OF VARIABLES - 


429-591 
639-790 
569-821 
541-643 
606-791 
617-729 
* 913-4 
544-6 


612-75 


«0.00745 (x')° 


4 


924-1012 

924-970 100-225 
886-967 130-284 
932-980 100-271 
891-964 112-203 
960-1000 226-238 


CORRELATION FOR L/ De = 57 Fic. 6 Data or Fic. 4 Replorrep ALL Properties 


WITH PROPERTIES AT ye 
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CORRELATION FOR L/ Dee 57 was evaluated for each L/D,. Fig. 7 shows these values of A 


oi plotted against L./D,, yielding 


K = 0.0126 


The final correlation, involving local coefficients at four dif- 
ferent values of L/D,, is given in Fig. 8 


(h (L\™ 
= 0.0126 [10] 
(eu/k), My 


Since the simplified dimensional equation 
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ay 


PRESSURE 
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1000-2000 


h S (&—h) 0.0144 


cG A (DG)°:? 


correlates data for certain common gases at moderate At, this 
type of correlation was tried for the present data on steam at one 
L/D, A plot of h/c versus G gave a slope of 0.87, but the 
maximum deviation from the main line was +40 per cent. The 


Fic.5 Data or Fic. 4 RepLorrep Wits Co-Orpinates oF Reren- “erm A/cG°-*? was plotted versus film temperature, but separate 
ENCE (8) curves were obtained for the several pressures. 
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RECOMMENDED CORRELATION OF DATA 
ON SUPERHEATING STEAM FLOWING 
| THROUGH AN ANNULUS ° 

(2/2 DATA POINTS) . 


VARIABLE 


RANGE 


De 
PRESSURE 
MASS VELOCITY, 
WALL TEMP. 
BULK TEMP 
at 


0.0109 FT 
147-800 
- 3500 PSIA 
55 000 - 165 000 
607 - 1288 F 
429 - 10/2 °F 
100 - 624 
9/ - 354 


1950 


hic. CorRRELATION oF ALL RESULTS 

Discussion or 5 gives ¢ 


In Fig. 4 all of the local Nusselt numbers lie below the dotted 


line of reference (13) for mean Nusselt numbers, and most of the, 


data fall below the dotted line ef reference (2). The solid line 
represents an average of the data. The points at pressures of 
3000 to 3500 psia are close to the line, most of those for 115 to 
500 psia are above, and most of those for 1000 to 2000 psia are 
below. 

In Fig. 5 the correlation is better than in Fig. 4. The slope of 
the curve is the conventional value of 0.8, the same as that re- 
ported (8) for air flowing in a tube, with At up to 940 F. The 
ordinate cont: rn an exponent of '/; on the Prandtl number, in 
place of 0.4. For the pressures and temperatures involved, the 
ordinate would be changed but little by using (cu/k),.°* instead 


of (cu/k),' *. Consequently, it is interesting to note that Fig. * 


9 gives a constant of 0.0226 for the local Nusselt number at L dD, 
of 57, as compared with 0.022 for the mean Nusselt number for 
L/D, of 60, Equation [46]. At a given pressure, the thermal 
conductivity of steam may either decrease or increase with in- 
crease in temperature, while for low-pressure air, k always in- 
creases with increase in temperature. Furthermore, as tempera-" 
ture increases, the Prandt] number decreases more rapidly for 
steam than for low-pressure air. i 

The plot (not shown).of Y’ versus X’, at L/D, of 11.4, gives 
a constant of 0,0267, which is s higher than the constant of 0.0226. 
at L/D, of 57. 

In Fig. 6 the correlation is distinetly-better than that in Fig. 

, and is somewhat better than that in Fig. 5; _ the same was true 
= L/D, of 11.4. Consequently, the co-ordinates Y* and X’ 
were employed for the final correlation. Fig. 7 shows that 
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TO SUPERHEATED STEAM AT HIGH PRESSURES 


L/D, entered to the minus 0.13 power. The recommended cor- 
relation of the local Nusselt numbers at the four values of L/D, 
is given in Fig. 8. The equation of the line is given by Equation 
10}, in which all physical properties are evaluated at the film 
temperature, ¢, equals (t, + ¢)/2. This equation correlates all 
the data, but should not be extrapolated outside the range of the 
data. At lower Reynolds numbers, modified streamline flow 
would prevail, and other dimensionless groups would be 
volved; at higher Reynolds numbers, the slope might decrease. 
At L/D, above 80, h may become asymptotic. 

Values of viscosities were taken from reference (15), thermal 
conductivities were taken from reference (16), and the other 
properties were taken from steam tables (9). -The range of values 


in- 


of wy, ky and ¢,u/k, for each pressure is shown in Table 2. 


TABLE 2) RANGES OF PHYSICAL PROPERTIES 


Pressure ky (om ky 
115 518 0.0443 0.0240 0.95 
1011 0.0726 0.0525 0.79 
500 606 0.0503 0.0294 1.01 
1132 0.0820 0. 0646 0.77 
1000 650 0.0535 0.0338 1.18 
1134 0.0830 0. 0656 0.76 
2000 787 0.0639 0.0441 1.21 
1140 0.0859 0.0673 0.82 
3000 0.0765 0.0551 1.03 
1116 0. O874 0. 0665 0.88 
3500 947 0.0774 0.0580 1.13 
1120 0. 0893 0.0675 0.92 
CONCLUSIONS 


1 The use of electric heat developed in a thin-walled tube 
minimizes longitudinal conduction and permits measurement of 
local coefficients of heat transfer to steam flowing upward through 
a vertical annulus. 

2 For a given Reynolds number and Prandtl number, the 
local Nusselt number always decreases as L/D, increases, regard- 
less of the temperature at which the physical properties are evalu- 
ated. 

3 For a given L/D,, the method of plotting used in Fig. 6, 
with all physical properties evaluated at the film temperature, is 
distinetly better than that in Fig. 4, and is somewhat better than 
that in Fig. 5; the quantitative effect of L/D, from 11.4 to 80 is 
shown in Fig. 7. 

4 The recommended correlation of all the data is shown in 
Fig. 8 and is given by Equation [10], which should not be extra- 
polated outside the range of data shown in Fig. 8. For a given 
Reynolds number the maximum deviation in the ordinate is 28 
per cent, and the average deviation is 7 per cent 
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Appendix 


Heat TRANSFERRED BY RADIATION 

Since the present data were obtained for steam flowing in an 
annulus with an outer jacket that was colder than the flowing 
steam, an estimate was made of the net radiation from the heat- 
ing element to the flowing steam and the outer jacket. 

Professor H. C. Hottel of the Chemical Engineering Depart- 
ment at the Massachusetts Institute of Technology, derived an 
exact general solution of the problem by the method outlined by 
Hottel and Egbert (11). The result, a multiple-series equation, 
was too complex. A simplification, similar to the one used by 
Hottel and Egbert, gave the following equation 


A), = 0.173 e’, ) fan, + (1 aii) le; 


100 
100) (1 — — 100) {12 
where 
a = gas absorptivity for specified beam length and pressure 
¢, = emissivity of steam for specified beam length and pressure 
¢, = emissivity® of stainless jacket 
= emissivity’ of stainless heater at 7’, 
«', = effective emissivity of heating element equal to (1 4 
€y) 2 
7,, T;, T, = absolute temperatures of heating element, jacket, 
and steam, respectively, in deg Rankine * 
Ll. = effective beam length for gas radiation from heating ele- 
ment to gas 
L2 = effective beam length for gas radiation from gas to heat- 


ing element 


Nore: Beam lengths 11 and L2 were assumed equal to 1.4 
times clearance between heating element and jacket. 

Since the present work was done at pressures far in excess of 
any for which gas-radiation data are available, the evaluation of 
the gas emissivities and absorptivities required an extrapolation 
of the existing data. Emissivities and absorptivities for gas 


* The emissivity of stainless steel (14) was taken asa linear function 
of temperature, based upon 0.44 at 420 F and 0.36 at 914 F. 
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radiation (extrapolated to zero pressure were taken from Fig. 29 - 


of reference (11), and were multiplied by the correction factor C, 
from Table 3, extrapolated from Fig. 30 of reference an. 


rABLE 3.- VALUES OF 
2000 3000 
6 204 
3.09 
1.45 


3500 
238 

3.60 
1.42 


P’, psia 
P, atm.. 
PL, atm-ft..... 
As pressure increases ('; decreases, but the emissivity at zero 
pressure increases faster than C, decreases; consequently the 
emissivity (Ciepw =o) increases. For example, at 1000 F, the emis- 
sivity increases from 0.156 at 115 psia to 0.568 at 3500 psia. 
The simplified Equation [12] was shown to agree within 3 per 
cent of the exact equation for a typical case which was computed 
both methods 


thermal conductivity of steam became available through the 
courtesy of Prof. F. G. Keyes of the Department of Chemistry, 
M.I.T. The new data of Keyes and Sandell? are shown in Fig. 
9 of this addenduni, for comparison with the earlier data of Tim- 
roth and Vargaftik (16) which were employed in the original cor- 
relation of Fig. 8. The new data have been extrapolated beyond 
a temperature of 660 F and pressure of 2200 psia by means of 
the correlating equation developed by Keyes and Sandell. The 
per cent deviation of the new data from the old becomes acute 
at high temperature, ‘but is practically independent of pressure. 
The. new values of thermal conductivitiy were employed to re- 
~ calculate all of the present data at L/D, of 57. Plots of the re- 


+ 
calculated data were made utilizing the parameters of Figs. 4, 
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Advantages of the revised correlation are (a) retention of con- - 
- ventional 0.8 power on the Reynolds modulus; (6) adoption of 
the fadeaway function for L/D,, and (c) adoption of a value of 
0.0214 for the constant in close agreement with established 
values at high L/D,. It is worth noting that the fadeaway type 
of L/D, correction could not have been obtained with the earlier 
value of thermal conductivity. The revised correlation is ex- 
pected to be considerably better than the original one for pur- 
poses of extrapolation. ; 
Further work remains to be done in extending the range of 
physical properties. Viscosities are still in question. 
The authors desire to acknowledge the co-operation of Prof. 
-F. G. Keyes in making his data available. 
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ponent on the Reynolds num- 
ber was 0.71, and the best one 
was again the correlation em- 
_ploying film temperature simi- 
to Fig. 6. 
All the present data were 
then recomputed using the 


REVISED CORRELATION OF DATA 
BASED ON-k EXTRAPOLATED 


FROM DATA OF K AND S 
DECEMBER ,1949 
(2/2 DATA POINTS) 


parameters of Fig. 6, and the 
* effect of L/D, 


2.3 
L/de 


was Fedeter- 
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mined. The final revised equa- 


tion, correlating all of the heat- 
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transfer data and based upon 


the thermal conductivities ex- 
trapolated from the data of 


_ Keyes and Sandell is 


h 


h De 


2.: 


L/D 


D, + 
k 


. [13], 


(”: 
< Mr k 


As shown in Fig. 10 of the ad- 


VARIABLE RANGE 


De 0.0109 FT. 


dendum, the maximum error is 
17 per cent, as compared with 
28 per cent for the correlation 
in Fig. 8. 
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Philadelphia Electric Company Adopts 


The paper covers the change from storing and reclaiming 
coal by cranes and locomotives to the use of standard self- 
propelled earth-moving equipment. The size and type of 
equipment are described, as well as its use. The change 
in design of storage piles is also considered. Description of 
new storage systems designed for the use of mobile equip- 
ment is presented. An analysis of operating costs and ca- 
pacities is made with a comparison of the two methods. 


FYNHE Philadelphia Electric Company in 1946 began to 
make a complete change in its method of handling coal 
into and out of coal-storage piles. Coal stock piles are 

maintained for emergency use only and are reclaimed only when 

there is an interruption of the regular supply. 

Coal is delivered normally to all but one of the six generating 
stations by barge, where it is unloaded by coal-tower clamshell- 
bucket installations. At the sixth station, barge facilities are not 
available and rail coal is unloaded into track hoppers. 


' Supervisor, Coal Bureau and Steam Heating Division, Philadel- 
phia Electric Company. 

Contributed by the Power, Fuels, and Materials Handling Divi- 
sions and presented at the Annual Meeting, New York, N. Y., No- 
vember 27—December 2, 1949, of THe AMERICAN Society oF Me- 
CHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—A-63. 


Mobile Coal-Handling Equipment 


By E. C. RUSSELL,' PHILADELPHIA, PA. 


Prior to 1946 the company’s method of coal storage was in 


piles between a system of parallel tracks. Fig. 1 shows the Petty 
- Island coal-storage-plant stock piles prior to 1946, Fig. 2 is a 


recent view of the same location. These tracks were laid out on 
approximately 110-ft centers to give maximum height and width 
to the piles, using locomotive clam-shell cranes with 60-ft booms 
This arrangement resulted in piles 100 ft wide and 30 to 35 ft 


with a conveyer system which transported the coal to the normal 
bunker conveying system, or in the case of the Petty Island coal- 
storage plant, to a coal barge for transportation to a generating 
station. For storing coal, these same hopper cars were loaded 
at the coal tower by chutes fed by the coal-tower conveying sys- 


high. On reclaiming, the cranes loaded into company-owned 
hopper cars. A locomotive switched these cars over track hoppers 


tem. <A locomotive switched the cars to the storage yard, and 
the locomotive clamshell crane unloaded them. 


CHANGE TO MosiLe EquipMENT 


In March, 1946, we received the first piece of mobile coal- 
handling equipment on our initial order of three units. The 
other two units followed a short time later, and, by the end of — 


the year we had acquired four more. Two more were put into — 
operation early in 1949. These units are heavy earth-moving | 


machines designed for construction work, self-propelled, bottom 
loading, scraper type with four pneumatic tires. They 
sufficient power to move their loads at relatively high speeds up 


fs 
) 
5 


430. 
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10 per cent grades and unload while moving, but need assistance 
in loading. 

They are all Super “C"’ Tournapulls with Model LP Carryall 
scrapers, manufactured by R. G. LeTourneau, Ine., Peoria, Il. 
The engines are 4-cycle 6-cylinder Diesel engines. Five of the 
nine are 150-hp Cummins engines, while the other four are 124-hp 
Hercules engines. The maximum speed of these units is 14.3 mph. 
The scraper capacity is 12.1 cu yd; heaped it has a 15-cu-vd ca- 
pacity. 

On the reclaiming cycle, we average 8'/. to 9 tons per load. 
On the storing cycle, since they are loaded by an overhead chute, 
a pant-leg-type hopper had to be designed to straddle the operat- 
ing mechanism directly over the center line of the bowl of the 
scraper. This increases the tonnage per load on storing to 11 tons. 
Fig. 3 shows one of the units 

Self-propelled units have the advantage of the greater speed 
on the longer hauls and are usually more economical than the 
crawler-tractor-drawn scrapers on hauls over 600 or 800 ft on 
earth-moving work. However, the self-propelled units are 
favored even on the shorter hauls, for unlike most earth-moving 
work they are mechanically loaded when storing coal which 
theoretically is 50 per cent of their operation, t 
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Self-propelled units being rubber-tired vehicles have the added 
advantage of being better-suited for use around paved station 
vards. They are also readily transferred over the road under their 
own power to another location. At times it is advantageous to 
be able to transfer a unit from one station to another to assist in 
the movement of coal. 


Track-Tyre BuLipozers 


Since the inception of mobile coal-handling equipment we have 
purchased four. track-type bulldozer tractors. They are all 
Oliver Cle-Trac Model FDE with 130-hp Hercules Diesel en- 
gines. This is the largest tractor Oliver Cle-Trac make and is 
comparable in size to the International TD 18 or the Caterpillar 
Ds. All four tractors are equipped with bulldozer blades as 
well as a power control unit on the rear. The power control 
unit is used to cableoperate a drawbar for towing the scrapers to 
assist loading on the reclaiming evele. 

The scrapers are equipped with a pusher pad on the rear for 
pusher-loading by « bulldozer. However, we have established a 
definite poliey of not using this method of loading because our 
self-propelled scrapers are clutch-steered on the driving wheels 


This presents the possible hazard of jackknifing if the bulldozer ° 
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is pushing faster than the seraper engine is driving it. Also there 
is some possibility of the bulldozer blade cutting a rear tire of 
It is felt that our 
method of loading has the added advantage of leaving the scraper 


the scraper if proper contact is not made. 


operator’s hands free to operate the power control unit, and his 
attention therefore can be directed toward the loading of his 
machine, since the tractor is towing, and thus guiding its diree- 
tion. Later models of Tournapulls have positive steering, and 
likely there are advantages in push-loading them. 

One other point in connection with the clutch-steering model 
is that the ramps or inclines on the storage piles should be straight 
if possible, especially if the change is being made to this method 
of storage, and men are being trained in the operation of this 
equipment. 
power on the driving wheels for steerage; 


This is mentioned because it is necessary to have 
if the practice is to 
coast down the incline with the engine idling, it is necessary to 
reverse clutch or “‘cross-steer.”’ This of course is no problem for 
experienced operators. 

The drawbars used for towing or snatch-loading are approxi- 
mately 16 ft long with a 24-in. eve in a horizontal plane on the out- 
-board end to engage a hook, mounted point down on the front end 
of the engine frame at the bottom. Fig. 4 shows a bulldozer pre- 
paring to snaich-load a seraper. ‘The oil pan of the engine erank- 
case is protected with heavy plates so the eve can slide onto the 
hook. 
cables and sheaves by the power control unit on the rear of the 


The drawbar is raised and lowered through a series of 
tractor. Thus the scraper to be loaded drives up to the rear 
of the tractor in line with the drawbar. The drawbar is raised by 
the tractor operator, and upon engagement the tractor starts 
its tow. The operator of the scraper then concen{rates upon the 
operation of the power control unit which raises the gate and 
When loaded, he lowers the 
gate, raises the bowl, speeds up, and turns to avoid the tractor, 


lowers the bowl of the machine. 


at the same time the tractor operator is lowering the drawbar. 
Merhop or Svorinc Coat Mosite Equipment 


The method of storing coal with mobile equipment is entirely 
The Phila- 
delphia Electric Company made the change-over to mobile equip- 
ment at an opportune time. 
in 1946 were reduced to the lowest level at any time in the pre- 
ceding 12 vears. 


different from old methods with locomotive cranes. 
Due to mine strikes, the coal stocks 


Thus we were able to remove the parallel 
tracks and relocate essential trackage where necessary, so that 
stock piles could be laid to the best advantage for this type of 
equipment. 
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It is readily apparent that one of the advantages of this method 
of storage is the increased quantity that can be stored on the same 
The parallel piles with the tracks between reduce the 
volume by approximately 50 per cent. 


aurea. 


Figs. 1 and 2 show a very good comparison of the two methods 
of storing coal. The piles in Fig. 1 total approximately 150,000 
tons of coal. The three piles shown in Fig. 2 total approxi- 
mately 180,000 tons. It is quite apparent they have not even 
approached their maximum height. Close study of the two illus- 
trations also will reveal that the piles in Fig. 2 extend possibly 
only one half the distance in the background compared with the 


* piles in Fig. 1. 


Furthermore, with mobile equipment, piles of much greater 
height are possible. Seraper-type equipment is ideal for storing 
coal, since this method of unloading allows the coal to be laid 
down in thin lavers. Rolling or any other method of compaction 
as a fire preventive is not necessary as the mobile equipment with 
its large pneumatic tires has increased the density in our piles 
from 60 to 69 lb per cu ft. The old method of packing was to 
run asmall crawler tractor, dragging a section of railroad rail on 
bridle over the pile constantly while storing coal. We still follow 
this practice with the large tractors, but to a much lesser extent, 
and then only to maintain a fairly level surface, and to pack and 
spread the extreme edges of the pile where a self-propelled unit 
might encounter difficulties from its outside wheels sinking in the 
soft edges. 

On the reclaiming cycle, the top of the pile is seraped off as 
evenly as possible, leaving the pile in shape for the time when 
coal is restocked again. One tractor will take care of the loading 
of two scrapers on the shorter hauls, while on the longer hauls 
three machines can be used. 

Where possible, piles should be laid out with the ultimate ton- 
nage desired in mind; so that the top of the completed pile will 
be as small as possible and still allow suflicient maneuverability 
for mobile equipment. This is essential because, in any case, 
there is a relatively large area of hard-packed coal, and the run- 
‘off of rain water resulting from a heavy downpour may be quite 
large. 
If the top of the pile is made saucer-shaped, then the end result 
At times of reclaiming, obviously, this is 
The difficulties of handling wet coal in the usual 
chutes and conveyer systems, as well as the problems of burning 
extremely: wet coal are well known. 


Provisions for handling this run-off should be made 


may be a small lake. 
not desirable. 


We have had some success 
in grading the top toward one or more wooden chutes to lead the 
water down the side of the pile. - These chutes require attention 
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occasionally, especially after a heavy rain. It is interesting to 
note that it has been found necessary to ealk all cracks and keep 
the chyte absolutely watertight or a serious washout beneath the 
chute may result. 

In changing to mobile equipment the weight of the loaded 
unit must be considéred if there are light paving slabs, manhole 
structure, or underground facilities too close to the surface. Also, 
in locations of limited area, minimum maneuvering space should 
be studied. The scrapers on our system will turn in a space 40 
ft wide; however, we prefer a minimum width of 60 ft to improve 

* maneuvering time. y 

The reclaiming of finer sizes of coal from the highly compacted 
piles made by mobile equipment has at times given some trouble 
with poor flow of coal in the pipes from bunkers to pulverizing 
mills and stokers. Former troubles in the stoker hoppers have 
been eliminated by the installation of agitators. ‘ 


CoaL-HANDLING FacILities 


The Philadelphia Electrie Company has stock piles at four 
generating stations, and a coal-storage plant on an island in the 
Delaware River. Petty Island—the coal-storage plant—serves 
the two stations without storage facilities by barge, and supple- 
ments the reclaiming at the other stations wher necessary. 

The charige-over to mobile equipment required very little 
change in coal-handling facilities. The track hoppers in all 
locations had to be covered with some form of heavy steel grating 
designed to carry the load of a scraper. With the large-diameter 
wheels this grating can be made quite open. 

On new installations, facilities are designed for the use of mobile 
‘equipment. At our Barbadoes Island Station where additional 
generating capacity was recently added, completely new ceal- 
handling facilities were designed and installed for mobile-equip- 
ment use. This is the one station which must rely on rail coal 
delivery. The coal-unloading shed and track hoppers are laid 
out for the reclamation of coal by mobile equipment. The aver- 
age haul distance is approximately 500 ft. 


For storing coal, a scraper loading hopper was included in the 


design. This is a hopper of 20 tons capacity fed from the bunker 
conveying system so that a scraper can be loaded quickly without 

* waiting for the normal flow of the 250 tons per hr of tlie conveying 
system, which would require approximately 3 min for loading. 
The haul distance for storing coal is approximately 400 ft. 

A new coal-storage yard with an ultimate capacity of 1,000,000 
tons is now in the planning stage. It is being designed to have a 
scraper loading hopper of 250 tons capacity and an ultimate rate 
of 500 tons per hr stocking by mobile equipment. For reclaiming, 
it is planned to have two unloading*hoppers of 50 and 25 tons ca- 
pacity, respectively, and a reclaiming rate by mobile equipment of 
700 tons per hr. 


ANALYSIS OF OPERATING EXPENSE 


An analysis of the various Accounts involving the storing and 
reclaiming of coal, and the operation and maintenance of cranes, 
locomotives, and mobile equipment reveals some interesting 
figures. However, these figures must be analyzed in the light of 
our operating conditions and accounting methods. 

Three accounts were analyzed for the years 1944, 1945, 1947, 
and 1948. The year 1946 was excluded since that year involved’ 
the transition period from the old method of handling coal to the 
present method. The three accounts analyzed were (1) crane 
expense, (2) storing coal, (3) reclaiming coal. 

It should be noted that the operating and maintenance expenses 
of a locomotive or locomotive crane is charged to the crane 
account regardless of its use. Some are regularly used by the Gas 
Department for handling coke, coal, and ashes, while others are 
digging ashes and slag as well as handling coal at the various 
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generating stations—or making occasional difts of heavy equip- 
ment. 

The crane account was analyzed in order to establish an average 
actual cost per hour of use for operating and nraintenance ex- 
penses. 

The storing and reclaiming coal accounts were studied to 
determine ‘the hours of equipment operation and the tons of coal 
handled. ‘ 

One year of the maintenance account on the cranes was ana- 
lyzed completely to determine the ratio between material and 
maihtenance labor so that the various years could be adjusted to 
1948 costs by material and labor indexes. It was found that 
approximately 40 per cent of-the account wag material, and the 
remaining 60 per cent was maintenance labor. This agrees favora-- 
bly with studies that have been made on generating-station ° 
Therefore it was assumed these figures 
would hold true for all years. 


maintenance accounts. 


The maintenance labor costs of the various years were adjusted 
to 1948 costs by labor factors which havé been established on 
actual conditions in the company. Materials in the maintenance 
account were also adjusted to 1948 costs by a materials index. 
A. cost per hour of operation adjusted to 1948 costs was then de- 
rived for the cranes and locomotives for 1944 and 1945, and for 
the scrapers and tractors for 1947 and 1948. 

These costs per hour of equipment use were then applied to 
the respective year’s hours of equipment use on reclaiming and 
storing coal at two different locations. The two years for each 
method of optration were ‘then combined to give weighted 
average costs. 

Table 1 gives the comparison between the old method of using 
cranes and locémotives and-the new, using scrapers and tractors . 


_ for both reclaiming and storing coal at the Petty Island coal 


Table 2 is a similar tabulation for han- 


dling storage coal at Richmond Station. 


storage plant. 


TABLE 1 COMPARISON OF-OLD AND NEW METHODS AT 
PETTY ISLAND PLANT 

Equip- 

ment 

cost, 


Equip- 
ment 
cost, 

dollars cents 

Tons per tr per ton 
(1) p (3) (4) 
Coat 
48.0 3.38° 7.0 
60.2 3.50 5.8 


STORING CoaL 
47.9 3.39 of 
74.2 3.43 6 


87519 
26066 


Cranes and locomotives. .. 
Mobile equipment......... 


63399 


Mobile equipment. .. 210009- 


TABLE -2) COMPARISON OF OLD AND NEW METHODS AT 
RICHMOND STATION 
43.6 3.33 
43.3 3.35 
Srortne Coat 
35.1 3.36 
69.8 3.39 


85856 


Cranes and locomotives... .. . 
140176 


Mobile equipment .... 


90839 
186825 


Cranes and locomotives. 
Mobile equipment. 


Referring to the tables, column (1) is the tons of coal handled 
Column (2) is the tons per hour handled. Column (3) is the 
weighted average cost per hour of equipment use. Column (4) 
All figures are 2 
weighted average for the two-year period for the respective equip- 


is equipment cost per ten of coal handled. 


ment. 

To be explicit, the 87,519 tons in column (1), Table 1, are the 
total tons of coal reclaimed during 1944 and 1945, at Petty Is- 
land. Column (2) is the tons in column (1) divided by the hours 
of operation in the two years. The 3.38 dollars in column (3) are 
the result of dividing the total of 1944 and 1945 equipment ex- 
pense by the total hours of operation for the two years. Column 
(4) is the total equipment expense divided by the tons of, column 
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(1). Column (3) divided by column (2) will of course also pro- 
duce column (4). : 

The same procedure was followed for the scrapers and tractors 
for the years 1947 and 1948. 

It is apparent from column 3 of either table that the equipment 
cost per hour is practically the same for the two types of equip- 
ment. This was also found to be the case when the total 1444 and 
1945 crane and locomotive account for the 28 pieces of equip- 
ment on the entire system was averaged and compared with a 
similar 1947 and 1948 figure for the 7 scrapers and 4 tractors. 
The two figures were 3.39 and 3.38 dollars, respectively, or so 
close that it would appear to have been intentional. 

However, on comparing the results in either table for the two 
types of equipment, it is seen that the tons per hour handled are 
25 per cent to 100 per cent greater than with the old method, 
with one exception, that is, reclaiming coal by mobile equipment 
at the Richmond Station. : 

It must be understood that the tons per hour in column (2) 
for either reclaiming or storing coal are per equipment-hour in- 
cluding tractors as well as the scrapers. For instance, on the 
reclaiming cycle we will have to assume that the normal method 
of operation was one tractor and two scrapers. *To find the 
approximate scraper tons per hour the 60.2 tons on the second 
line of column 2 of Table 1 will be three pieces of equipment times 
60.2 divided by two scrapers, or an average of 90.3 tons per hr 
reclaimed per scraper. However, on the storing cycle, the trac- 
tor is not usually used full time, hence the same ratio does not 
hold. 


The foregoing partially explains the greater tonnage per hour 


moved on the storing cycle compared with the reclaiming cycle. ° 


Another factor is the 2 to 2'/: tons or approximately 25 per cent 
greater capacity of the scrapers when storing coal. On the re- 
claiming cycle, too, a little more time is consumed on the pile 
loading the scrapers than in loading them to haul to the storage- 


pile. Likewise, in discharging their load in the hoppers when ° 


reclaiming, the machine must come to a complete stop, but, 
when storing, the discharging is done on the move, and the ma- 
chine continues on its route back to reload. The advantages of 
the self-propelled unit on storing ar quite obvious regardless of 
the length of hayl. 

The low tons per hour reclaiming rate at Richmond Station as 
compared to the Petty Island operatian is due to several factors, 
us follows: 


1 The reclaiming hoppers at Richmond Station are not of 
sufficient capacity for mobile-equipment use. They are track 
hoppers for unloading railroad hopper cars and are now in the 
process of being rebuilt with a greater capacity. 

2 Operating conditions at the two locations are not the same. 
Petty Island is strictly « coal-storage plant and, when reclaiming, 
loads barges of as much as 2400 tons capacity. Richmond, being 
a generating station, reclaims the coal demands of the station 
This station also burns two kinds of coal— stoker and pulverized 
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and has two bunker belts in each bunker. Thus many times dur- 
ing a day of reclaiming there are short delays due to changing 
over bunker belts, changing from one bunker to the other, which 
also means changing from one storage pile to another. Further- 
more, reclaiming stock coal, especially if wet, always causes some 


operating difficulties with conveyer systems. It cannot be: ex- 
pected under those conditions to deduct these short interruptions 
from the over-all equipment operating time. Hour meters in- 
stalled on each machine would of course give the actual hours of 
operation, 


It must also be pointed out that the total equipment-hours for 
either reclaiming or storing which were used to arrive at the- 
hourly rate figure may include some nonproductive hours in so far — 
as tons moved into or out of stock are concerned; since il is neces- 7 
sury at times to use the equipment to regrade a pile after con- 4 : 
siderable coul has been removed, or to clean up after a heavy — 
rain may have damaged a pile. This time would be charged to 
one or the other accounts. Thus the data in the two tables are — 
over-all figures for the two-year period and include all the equip- 
ment time relative to stock piles. 

We know from several spot checks for periods ranging from 1 
hr to a full day’s work that a scraper is capable of reclaiming 70 = 
to 90 tons per hr and will store better than 100 tons per hr. 

A real saving in the use of mobile equipment is the resulting 
laborsaving. Formerly at Richmond Station it was necessary 
to use two cranes and a locomotive, and work longer hours at 
overtime rates to supply the demands of the station. This 
would require two engineers and two firemen for the cranes, an 
engineer for the locomotive and a brakeman, « total of six men. 
Stocking coal, one additional man would be required to pack and 
spread the coal with «a tractor. Today, with mobile equipment _ 
more coal is reclaimed or stocked with but three men, namely, 7 
two scraper operators and one tractor operator. Furthermore, it | 
takes far less time to train a scraper operator than a crane opera- 


tor. 


CONCLUSION 


In conclusion, we feel that mobile coal-handling equipment is 
ideal for our conditions and methods of operation. For the 


first two full vears of operation it has proved to be sound from an — 
e¢onomy standpoint. We feel that the equipment is much more — 
versatile than our former equipment for handling storage coal 
If we find it necessary to store or reclaim coal on short notice it 
doesn’t seem like the major operation that it appeared to be pre- 


viously 

Finally, it must be remembered that mobile equipment is built 
primarily for earth moving and not for coal handling. Since coal! 
is approximately one half the density of earth, it means that 
scrapers should be able to carry a considerably greater volume of t 
coal than they are capable of handling. Therefore, from the 
standpoint of the buyer of equipment for coal-handling, improve 
Inents could be made. 
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* Earth-moving equipment at the Oswego Steam Station 
of the Central New York Power Corporation has handled 


in excess of 3 billion ton-feet of coal during its first 9 
years of operation. 


Calm 


N. EWART, 


Coal is stored in a single pile 100 ft 
high with no danger of spontaneous combustion. The 
paper describes the operation of bulldozer-carryall units 
and presents operating and maintenance costs. 


GENERAL Descriprion 
HE coal-handling system of the Oswego Steam Station of 
the Central New York Power Corporation is a simple one 
and lends itself readily to expansion of the station Fig. 1 
is a plan of the coal-handling system, showing the location of the 
storage pile and its relation to the receiving and reclaiming points 
It also shows the arrangement of belt: conveyers which permit 


' Chief Mechanical Engineer, Buffalo Niagara Electrie Corporation. 
Mem. ASME. 

Contributed by the Power, Fuels, and Materials Handling Divi- 
sions and presented at the Annual Meeting, New York, N. Y.. No- 
vember 27° December 2, 1949, of THe AMERICAN Society oF Me- 
* CHANICAL ENGINEERS. 

Note: Statements and opitions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, October 
8. 1949. Paper No. 49-——A-9S. 
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movement of coal to the house coal bunkers or to and from storage 
from either track hoppers or self-unloading lake boats. 

Although provision is made for either rail or lake delivery of 
coal, all coal is received by self-unloading boats which discharge 
directly to either a receiving hopper or to one end of a 14)0-ft- 
long X 400-ft-wide stocking pile. This pile often reaches a 
height of 100 ft on the high end and has contained as much as 
560,000 tons of coal, Fig. 2. From the receiving hopper the coal! 
is carried through a Bradford breaker direct to the house coal 
bunkers or to a stocking conveyer, equipped with a telescopic 
chute which discharges to the stocking pile about 300 ft from the 
wharf end. 


STOCKING AND ReCLAIMING OPERATION 


The, coal is moved into storage from the discharge of the self- 
unloader or from the stocking pile entirely by means of bull- 
dozer-carryall units. During the stocking operation a bulldozer- 
carryall unit makes a round trip of approximately 2000 ft every 
10 min. This trip starts at the stocking pile where the carryall 
picks up its load of 13 tons, carries it an average of 700 ft to the 
spreading area, and lays it down in a ribbon approximately 13 ft 
wide, 40 ft long and 10 in. thick, and then completes the circuit 
by returning for another load. Subsequent trips pack this ribbon 
of coal and integrate it with the rest of the pile to produce a sec- 


tion which is nearly impervious to air and water 
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indicated that this coal is packed to densities of 80 Ib per cu ft. 

Fig. 3 shows the operation on the top of the pile during stock- 
ing. There have been no fires in this coal pile to date and seec- 
tions of it have stood untouched for as long as 3 years 

Oswego’s experience would indicate that many of the usual 
rules for successful storage of coal can be violated if coal is laid 
down in thin layers and adequately compacted. .For example, no 
effort is made to avoid segregation thiough coal may be purchased 
from 60 mines varying in volatile matter from 17 to 37 per cent 
and sized from fine slack to double-sereened and run of mine. 
Sulphur varies from 1 to 3 per cent. No particular effort has 
been made to provide a hard base or adequate drainage for the 
foundation, and there is no limit to the height of the pile. 

Coal is reclaimed entirely by means of the bulldozer-c: arryall . 
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View or Top or SroraGce Pite During a StocKING OPERATION 


Two reclaiming hoppers are located along a length- 


units, 
wise toe of the storage pile, 300 ft apart. Additional hoppers can 
be provided if necessary to reduce the reclaim hs vwuling distance 
In reclaiming coal from the stock pile the coal is removed, in so 
far as possible, by working it off in vertical layers starting from 
one end of the pile. In this way the top surface of the pile is dis- 
turbed the least, and the nearly vertical surfaces which are ex- 
posed will absorb practically no water or snow. The coal is 
packed well enough that nearly vertical sides have been formed 
40 ft high with no experience of a cave-in. 

Since all of the coal is received by boat and, therefore, a year’s 
supply must be obtained during the favorable navigation season 
of approximately 6 months, 


there is necessarily considerable 


movement of coal in and out of the storage pile over the period 
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of a year. For example, the total movement of coal in and out 
of storage for the 9-year period was 5,225,000 tons, compared 
with an amount burned during this period of 3,600,000 tons. 

OPERATING Data 
Table 1 shows the operating and maintenance cost of the bull- 
dozer-carryal] equipment in do'lars per 1000 ton-feet by years, 
covering the period 1945 to 1948, inclusive. 
mation prior to, these years is not available. 


Comparable infor- 


TABLE 1 BULLDOZER-CARRYALL OPERATING AND MAINTE- 
NANCE COST DATA AT OSWEGO STEAM STATION 
Dollars per 1000 ton-feet-. 
Total coal 
handled, Operation Maintenance 

Year tons Labor Fuel Labor Material Total 
1945 614080 046 0.006 0.026 0.020 0.098 
1946 + 4448904 067 0.006 0.035 0.011 0.119 
1947 700986 063 0.006 0.026 0.010 0.105 
1948 828985 064 0.008 0. 032 0.021 0.125 

Average 060 0.006 0.030 0.016 0.112 


Figures are shown in Table 1 on the basis of ton-feet in order to 
consider the length of the haul as well as the tonnage in arriving 
at the unit costs. It is recognized that there is not necessarily a 

straight-line relationship between cost and hauling distance. 

The incremental cost for distance, once the carryall is loaded and 

under way, may be relatively small. Using the average total 

value of 0.112 per 1000 ton-feet for the 4 years, it may be seen that 

Oswego’s 700-ft out-haul cost was 7.8 cents per ton, and the 

500-ft reclaiming cost, 5.6 cents per ton. It is believed that the 

the maintenance cost of this equipment has reached its Jeveling- 
off value, except for possible increase in labor rates and material, 
since, at the end of 1948, the average life of the bulldozer-carryall 
units was 7 years, and a continuing’ pregram of replacing the 
older units has been developed. 
It is interesting to note that one bulldozer handled approxi- 
aed 500 million ton-feet before retirement. 
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INVESTMENT Cost 

The foregoing operating costs are exclusive of fixed charges on 
the capital investment. One of the advantages of mobile equip- 
ment, as compared with permanently installed machinery for 
handling storage coal, is that the initial investment can be small, 
and only that which is required for the initial installation. As 
and if the station expands, the storage area and coal-storage 
equipment can be expanded as required and always with 
modern equipment. Much in the way of improved and more 
efficient mobile equipment for handling coal has been developed 
in the last 5 years, and further improvements are inevitable. 

Table 2 shows the capital investment in mobile equipment by 
years for the Oswego Station. Note that the initial investment 
was very small for the first few years of two-unit operation and 
increased as additional units were added. The original installa- 
tion at Oswego consisted of two 80,000-kw rated, 100,000-kw 
maximum turbogenerator units with steam conditions of 1250 psi, 
900 F. Each unit is supplied by a single boiler rated at 900,000 
lb per hr. The third unit, essentially a duplicate of the first two, 
went into service in December, 1948. Installation of the fourth 
unit is now in progress and scheduled to be in service in 1951. 


TABLE 2 CAPITAL INVESTMENT IN MOBILE EQUIPMENT AT 
OSWEGO STATION 


Station 
capacity, 
Year kw 


1940 80000 3 
1941 160000 3 
1942-1947 160000 a 4 
1948 240000 4 


Capital Bulldozer Carryall! 
investment units units 


$54780 


Fig. 4 is shown to emphasize that the coal-handling structures 
and even the coal pile itself can become not too unsightly if 
proper consideration is given to architectural lines and landscap- 
ing, followed by a desire on the part of the station operators to 


maintain a good appearance of the buildings and grounds, | 
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The purpose of this paper is to give a general explanation 
of the vibration phenomena encountered in turbine de- 
sign. Detailed methods have been omitted. The behavior 
of a vibrating cantilever is expressed in terms of the excit- 
ing force and damping factor. The sources of damping 
and excitation are discussed. Impulse excitation is briefly 
considered and the reasons for its devastating effects are 

‘shown. The procedure of tuning low-pressure blading, to 
avoid resonance at the lower harmonics of the turbine 
speed, is explained in considerable detail. An apparatus for 
determining the natural frequency of blading, and another 
for applying both tensile and alternating bending stresses 
simultaneously, are described. The direct tensile stress in 
the test is plotted versus the alternating bending stress 
which causes failure, thus obtaining a curve which shows 
the resistance of the blade to any combination of these 

The designed for turbine 

blades and the stresses involved in several blade failures 
this diagram for 


stresses.” stresses certain 


have been plotted on purposes of 
comparison. 


GENERAL 


N recent years thereshas been a demand for decreased fuel con- 
sumption and a decrease in weight and space requirements for 
marine machinery. This of course had to be accomplished 
with no sacrifice in reliability because machinery failure can, on 
some occasions, endanger the life of the ship. The result of this 
demand has been a trend toward small high-speed turbines. 
In the case of the high-pressure turbine, little difficulty was en- 
countered in increasing speeds and a very rugged machine has 
The low-pressure turbine, on the other hand, 
presents a complicated problem. The volume of steam passing 
through the last rows of blading is determined mainly by the 
horsepower and vacuum. This in turn approximately determines 
the diameter for the last blade row. With the diameter deter- 
mined, the speed in revolutions per minute is then governed by 


been obtained. 


stress considerations. The blade is made as long as possible to 
obtain maximum area for the steam passages, but its height is 
limited by considerations of stress and vibration. The blading in 
the last few stages is a compromise governed by steam flow, 
vacuum, efficiency, wheel stress, blade stress, and vibration. 

At this point it should be mentioned that the last few rows of 


blading are not the only ones Which can give vibration trouble. _ 


They are, however, the most susceptible to it and are the ones on 
which most vibration studies are concentrated. It is usually as- 
sumed that turbine blades are subjected to steady forces. Ac- 
tually, this is not entirely true. All turbine blades are subject to 
In the great majority of cases these 

Occasionally, however, the vibra- 


certain variations in force. 

force variations do no harm. 
tion characteristics of the blade might be such that a dangerous 
vibration could be set up by the exciting force variations which 


1 Engineering Technical Department, Newpert News Shipbuilding 
& Dry Dock Company. 

Contributed by the Power Division and the Society of Naval 
Architects and Marine Engineers and presented at the Annual 
Meeting, New York, N. Y., November 27~December 2, 1949, of Tue 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—A-76. - 


‘bration of Marine-Turbine Blading 


By R. W. NOLAN,' N 


EWPORT NEWS, VA. 
are always present in the turbine. It is the duty of the designer 
to see that this does not happen. 


BEHAVIOR OF Bopies SuBJECTED TO ViBRATORY Forces 


Before proceeding with specific’ turbine problems, it is desira- 
ble to review briefly the behavior of a simple vibrating structure, 
and to define the terms which will be used. For this purpose, con- 
sider a steel cantilever beam of constant rectangular cross section 
2 in. X '/2 in. and 12 in. in length. These scantlings have been 
chosen because they give characteristics which are not too far 
from those of a low-pressure exhaust blade. Assume further, 
that this beam is subjected to a force which varies sinusoidally 
with a maximum value of 0.6 lb uniformly distributed over the 
broad side. 

The behavior of the beam subjected to this force is shown in 
Fig. 1 in which the amplitude of vibration at the end of the blade 
is plotted as a function of the frequency of the applied force. At 
frequencies approaching zero, the amplitude of vibration is 
0.000208 in. which is equal to the static deflection produced by a 
force of 0.6 lb. As the frequency of the exciting force is increased, 
the amplitude increases until it theoretically reaches infinity at 
6800 cycles per minute (epm) (following the solid curve). Above 
this frequency the amplitude drops sharply. If the frequency of 
the exciting force were increased sufficiently, the amplitude would 
be found to approach infinity again at 42,600 and 119,500 (epm) 
and at still higher values. 

The frequencies at which the amplitude reaches infinity are 
the natural frequencies of this blade. The natural frequency at 
6800 cycles is the first critical or first mode and that at 42,600 
cycles is the second critical or second mode. The turbine de- 
signer is usually interested only in the first mode. The term “‘reso- 
nance” is used to describe the action which takes place when the 
frequency of the applied force coincides with a natural frequency. 
The terms “resonant”? frequency and “critical’’ frequency are 
frequently used for natural frequency. 

The curve under consideration is based on the assumption that 
there are no losses of energy in the vibrating system. Such a 
condition would be the equivalent of perpetual motion. Actually, 
frictional forces are always present, and it is fortunate that they 
are. Otherwise all turbines would strip out their blades in a rela- 
tively short time. 

In vibration problems the frictional resistance to vibration is 
expressed frequently as a damping coefficient.2?- The dotted curve 
in Fig. 1 shows the behavior of this same blade with a damping 
coefficient of 0.10. At resonance, the amplitude of the first 

2? “Vibration Problems in Engineering,”’ by 8. Timoshenko, D. Van 
Nostrand Company, Inc., New York, N. Y., second edition, 1937, 
chapt. 1, sects. 8 and 9: 


d 
c = (Damping is proportional to velocity): 


Damping force = 
2n=c 

2n cg 

- = 

Pp pw 

= damping coefficient 

acceleration of gravity 

2” X natural frequency 


= mass 
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Visratory Stress in a CANTILEVER BEAM 


10000 


critical (at 6800 cycles) is 0.00208 which is 10 times the amplitude 
at low frequencies. 

Eor each deflection which is shown in Fig. 
sible to calculate the moment and stress in the material. 
been done in Fig. 2 
equal to that produced by the exciting force of 0.6 lb acting stati- 
cally. At other frequencies, the stress is proportional to deflec- 
tion, and at resonance it amounts to 432 psi, or 10 times the stress 
at low frequency. The factor 10 is the magnification factor. It is 
equal to the reciprocal of the damping coefficient. ; 

This method of applying the magnification factor to the static 
deflection applies strictly to a concentrated mass on a weightless 


1, it would be pos- 
This has 


At low frequencies the stress of 43.2 psi is 


spring. Its application to deflection and stress of a turbine blade 
is an approximation which is sufficiently accurate for first-mode 
vibrations. It is not necessarily suitable for higher modes or for 
other types of structure. 

Those familiar with alternating-current theory, will recognize 
these curves to be the same as those obtained with resonant elec- 
tric circuits. Magnification factor shown here is the same as the 
Q-factor which applies to series resonance in an electric circuit. 

The stress of 432 psi may appear low. 
tively high damping coefficient was used, in order to obtain’ a 
resonance curve which would plot well on a lantern slide. In 


It is low because a rela- 


actual turbine blades, the damping coefficient may be 0.005. 
This gives a magnification factor of 200 which would make the 
foregoing stress equal to 8640 psi. 


Causes OF DAMPING IN A TURBINE 


The factors which produce damping in turbine blades may 
be classified as elastic hysteresis, steam damping, and rubbing 
friction. Elastic hysteresis is internal friction in the blade ma- 
terial as it goes through the stress cycle. It varies widely with 
composition of the material and with temperature. It is difficult 
to determine experimentally; several investigators do not agree 
very well on the values. There is, however, enough information 
to permit a rough determination of the damping coefficient 


energy is damped out 


OF THE ASME MAY, 1950 


Another cause of damping is the resistance of the steam sur- 
rounding the blade. A rational method of determining the mag- 
nitude of steam damping would be to treat the velocity of vibra- 
tory motion as a change in blade speed, and to calculate the re- 
Application of this 
method shows the resultant damping forces.to be rather small 
(less than hysteresis damping), and they usually are neglected. 

The third cause of damping is rubbing friction between surfaces. 
There is always some minute sliding at the points of contact be- 


sultant change in tangential steam force. 


tween the blade and the rotor, and between adjacent blades. 
The value of this damping is extremely variable, depending upon 
the design and on the fit which is obtained. Blades.which are 
packed tightly together and are fitted accurately with considera- 
ble press fit, will have low frictional*damping. Blades which 
are loose in the groove, or which are poorly fitted may have very 
high damping. In such cases the frictional damping will be many 
times that obtained by steam and hysteresis. This can be ob- 
Tight 
If the 
they have a dead sound because the vibratory 
almost immediately after striking. A 
natural reaction to this fact would be the suggestion that blades be 
installed loose to prevent vibration. This expedient might well 
be successful but one would hesitate to install loose blades, be- 
cause of the possibility of wear caused by the movement. Further- 
more, a blade which is poorly fitted may sometimes have its 
natural frequency lowered:so that it falls into a resonant condi- 
It also may fail in the root, 
could not fail this way because they do not bend below the pack- 
ing piece. Because of the uncertain nature of frictional damping, 7 
it is neglected in calculations. 

-A possible fourth source of damping is impact.. 
lated to frictional damping and may occur to some extent between 
There are patents on devices such 
as hollow blades containing loose rods or balls which are tntended 
It is doubtful 
that these will ever find extensive application to marine tur- 
bines. 

It thus’ appears ‘th: ut elastic hysteresis is the most dependable 
source of damping. Fig. 3 shows curves of the magnification 


served easily by striking the blades of a turbine rotor. 
blades will ring clearly for a considerable time after striking. 
blades are loose, 


tion. 


while tightly packed blades 


It is closely re- 


adjacent faces of blade roots. 


to cause impact damping if the blade vibrates. 


600 


MAGNIFICATION FACTOR 


4. 


2000 4000 6000 
VIBRATORY BENDING STRESS — P.S 
TEMP. 75°F. 


TEMP.68°F 
TEMP. 750°F 


@® 13% CHROMIUM, 0.5% SILICON, 
@ 14% CHROMIUM, 0% SILICON, 
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Fic. 3) Maanirication Factor ror STAINLESS STEEL 


These 


Andrew Gemant,’ are 


factors of 13 and 14 per cent chromium stainless steel. 
curves, based on data from an article by 
expressed as a function-of the vibratory stress. 


‘Dependence on Stress of Damping Capacity of Alloys," by 
Andrew Gemant, Mechanical Engineering, vol. 67, 1945, p. 33. 
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 Exerrine Forces ActiInG oN TuRBINE BLADES 

It was mentioned previously that there are always variations 
present in the tangential steam forces acting on blades. These 
may be due to many causes. Among them is the variation of 
pressure around the periphery of the wheel. Pressure variations 
cause variations in the steam velocity acting on the blade. These 
variations are difficult to measure experimentally because of the 
large number of pressure readings which must be obtained. Fig. 
4, however, shows an approximate curve of pressure variation 
based on measurements at five points around the periphery of the 
last low-pressure stage of a turbine. 
chafge pressure and the other the inlet pressure for this stage. 
The- last curve shows the variation in the Btu drop in the stage. 
In this case the maximum variatien was about 12 per cent of the 
average heat drop. This is probably an extreme case since it is 
the last stage of a heavily loaded turbine. 


One curve shows the dis- 


Similar effects will be found at any point in the turbine where 
steam is being admitted or extracted. Designers frequently go to 
eonsiderable pains to distribute steam uniformly in bleeder belts, 
chests, inlet belts, and in the space between the high-pressure 
first and second stages. In spite of their best efforts variations 

still exist. : 

Lack of uniformity in nozzles or blading also may be a source of 

uneven steam force. The discontinuity at the horizontal joint 

in the casing is a further possibility. It is difficult to keep the 
spacing of the nozzles, which span the joint, the same as that in 

. the remainder of the ring. The conditions at the joint then may 
regult in a different size of nozzle jet and, possibly, a different 


discharge angle. The blade rotating past these points will ex- 
perience two impulses at each revolution. 

The most severe form of excitation which occurs in turbines is 
known as impulse excitation. It usually occurs only in the high- 
pressure first stage and in astern turbines. In these stages steam 
is admitted to the wheel over a portion of the periphery, usually 
less than 180 deg. As the blade rotates, it enters the steam are, 
receiving a sudden application of the full steam force. When it 


passes out of the steam arc, the sudden removal of the steam 
force is equally severe. The force variation is thus equal to 100 
per cent. 

Fortunately, the blades which receive this punishment are 
among the shortest and most rugged in the whole turbine. In 
spite of this, impulse excitation has been a serious problem to 
shore power plants, and it resulted in a number of failures 
before the cause was discovered. The shore turbines which suf- 

fered these breakdowns were high-pressure topping turbines 
which used large quantities of high-pressure high-temperature 
steam (1200 psi, 950 F). Conditions as severe as this have not yet 
been imposed on marine turbines and therefore failures of first- 
stage blading have been few. Present trends in marine steam con- 
ditions may bring on this trouble, and the designer must be alert 
to avoid it. A mild form of impulse excitation might be set up by 
damage which would partially close some of the nozzles in any 
turbine stage. 


Blade vibration also may be excited by external forces. In one 


case, blade failure in a small geared turbogenerator was attributed 
to vibration set up by errors in the gear-tooth spacing. It is also 
possible that errors in-the roundness of the journal may.cause a 


motion which could set blading in vibration. 

With the exception of impulse excitation, our knowledge of the 
magnitude of exciting forces is quite limited. We do know, how- 
ever, that they are present in sufficient magnitude to cause failure 
of improperly designed blades. The uncertainty concerning the 
exciting forces and, to a-considerable extent, the damping forces 
has led some of the large turbine manufacturers to adopt an em- 
pirical approach to the problem. 
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Harmonic ANALYSIS OF ExciTING Forces 


Regardless of what may be the pattern of the exciting forces, it 
will be repeated periodically, usually once for each revolution of 
the’turbine. Any periodically varying set of values, such as the 
exciting forces acting on a turbine blade, can be broken up into a 
series of sine and cosine curves. The frequencies of these har- 
monic components will be integral multiples of the frequency of 
the original curve. 

For example, take the lower curve in Fig. 4, showing the distri- 
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bution of heat drop around the circumference of the wheel. As- 
suming that the steam force, acting on a blade, is proportional to 
the heat drop, a curve of force variation has been plotted in Fig. 5 
(solid curve). Each blade will be subjected to this force variation 
at each revolution. ° 

By applying a Fourier analysis, the first four harmonics have 
been obtained. These also are shown in Fig. 5 (dotted curves. ) 
Their amplitudes and phase angles are given in Table 1. 


TABLE 1 AMPLITUDES AND PHASE ANGLES 7 
Amplitude, Phase angle, 
Harmonic per cent deg - 
1 10.1 +253 
2 Gus +206 
3 1.1 + 24 > 
4 0.6 + 3 = 


There was no justification in carrying this analysis beyond the 
fourth harmonic because there were so few points on the original 
curves from which the drop was calculated. It should be ob- 
served how the harmonics decrease in amplitude as their order 
increases. This is generally to be expected but it is not always 
so. 


To illustrate the exciting forces generated by impulse excita- 
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tion, the diagram shown in Fig. 6 has been assumed. 


> given in Table 2. 


Here the 
nozzle arc is assumed to be 90 deg with instantaneous application 
and removal of the load taking place at the ends of the are. The 
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instantaneous application and removal of the load is a rather 


_ severe assumption, but it is much less tedious to apply and there- 


fore is more convenient for preliminary design purposes. Analy- 
sis of this diagram gives an infinite series of harmonics with 
every 4th one (4th, 8th, 12th, ete.) equal to zero. The values of 


the first ten harmonics in per cent of the steam loading F, are 


TABLE 2 ALUES 


No. of 
harmonic 


OF FIRST TEN HARMONICS 


Intensity, per cent 


1 45.0 
2 31.8 
5 9.0 
6 10.6 
7 6.4 
0 
5.0 
10 6.4 


per cent, which is sufficient to set up a vibration of considerable’ 


magnitude. This gives some indication of why impulse exc ‘itation 
can be so destructive. Further troublesome characteristics of 
impulse excitation will be brought out in the next section. 


TUNING oF TURBINE BLApES 

Whenever the frequency of one of the various harmonics of the 
exciting force coincides with a natural frequency of the blade, reso- 
nance will occur. As explained earlier, the vibration amplitude 
will be equal to the static deflection produced by the component, 
multiplied by the magnification factor. Assume, for instance, that 
a blade is subjected to a steady steam force of 6 lb plus a certain 
harmonic whose magnitude is 5 per cent. The harmonic force 
will then have an amplitude of 0.3 lb. The static deflection is 
then considered to be the deflection which would be produced by a 
force of 0.3 lb uniformly distributed over the blade. If the mag- 
nification factor is 200, the deflection at resonance would corre- 
spond to that produced by a force of 60 lb. The resultant vibra- 
tory stress also would be equal to that produced by a 60-lb load, 
and would thus bé*10 times the stress produced by the total steam 
load which acts statically on the blade. Such bending stresses 
when superposed on the already high centrifugal stresses may 
cause fatigue failure if the turbine runs for long periods at a reso- 
nant condition. 

As already mentioned, experience with turbines indicates that 
the lower harmonics usually have the largest amplitudes. There 
have been many failures which were caused by the 4th or lower 
harmonics. There also have been some failures at higher- 
order harmonics. It is therefore necessary to avoid resonance 
at the 4th and lower harmonics or, when it cannot be avoided, 
have it occur at a reduced speed where the centrifugal stress 


~ acting on the blade will be less than at full power. 


A convenient means of visualizing this problem is the ( 
diagram, named for the late Wilfred Campbell of the 


‘ampbell 
General 


Even the 30th harmonic has an amplitude of 2 


of the harmonics, represents a-cgndition of resonance. 
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Electric Company, who did much of the pioneer work on turbine 
vibration. The Campbell diagram is shown in Fig. 7. It consists 
of a series of curves of frequency (usually cycles per minute) 
plotted versus turbine revolutions per minute. On this diagram 
each harmonic is represented by a straight line passing through 
the origin. These lines give the frequencies of the exciting forces 
corresponding to the various harmonics; at all speeds of the 
turbine. The second harmonic will have twice the slope of the 
first, the third harmonic three times, etc. Usually, about eight 
harmonies are drawn. 

After the frequencies of all of the important exciting forces have 
been plotted on the Campbell diagram, the natural frequencies 
of the blading are plotted. When the turbine is not rotating, the 
natural frequency of a blade (or group of blades joined by a shroud 
band), has a particular value which is called the static frequency. 
When the turbine is running, the centrifugal force has a stiffening. 
effect on the blade, raising its natural frequency. This is the run- 
ning frequency. These frequencies also can be plotted on the 
Campbell diagram. The curves for two stages, A and B, are 
shown in Fig. 7. The running frequency is fairly close to static 
frequency up to about h: alf speed of the turbine. Above this speed 
the frequency increases appreciably. 


crease in frequency is usually around 15 del cent for the longest 


blades. 
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Fic. 7 

With the blade frequencies added, the Campbell diagram is com- 
plete. Each point at which the blade-frequency curve-crosses one 
There are 
thus numerous resonant conditions for each blade. Most of them 
are excited by high-order harmonics and are therefore not seri- 
ous. The lowest order of resonance is the one of which to beware, 
because it occurs at the highest turbine speed and probably will 


_have the largest exciting force. 


Turning now to the curve for blade A, in Fig. 7, it can be seen 
that at maximum speed, resonance does not occur, and the blade 
frequency lies halfway between the 3rd and 4th harmonrs. If 
the natural frequency of 13,500 is divided by the turbine rpm of 
3850, the result is 3.5. This is usually called 3.5 vibrations per 
revolution. This value is not a coincidence. As originally laid 
out, this blade had 4.1 vibrations per revolution, which was very — 
close to a dangerous resonant condition. 
practical to stiffen the blade sufficiently to raise it to 4.5 vibra- 
tions per revolution, so, the blade section was reduced in order to 
lower the frequency to 3.5 vibrations per revolution. , This process 
is called tuning. It is a fairly lengthy design process involving 
considerable work. ‘ 

Referring back to the Campbell diagram, it will be seen that at 
3300 rpm, stage A is in resonance with the 4th harmonic. 


It was not considered 


At maximum speed the in- 


At this 
condition, however, the steam load on the blade is less than at full 


power (probably down to 70 per cent of the full-power value) and — 
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therefore the magnitude of the exciting force is reduced propor- 
tionately. In addition to this, the centrifugal stress in the blade 
is down to 12,200 psi, instead of the 16,600 psi which it had at full 
power. The total steam load on this blade at full power is 6.5 
Ib per blade, producing a steam bending stress of 550 psi. At 
3300 rpm the bending stress may be assumed to be about 390 
psi, (70 per cent of 550). If this steam force contained a 4th har- 
monic with a magnitude of 5 per cent of the steady steam force, 
and the vibration magnification factor were 200, the vibratory 
stress would be 390 X 0.05 K 200 = 3900 psi. . ° 

A comparison of the blade stresses at full speed (3850 rpm) and 
at 3300 rpm, is given in Table 3. 


TABLE3 BLADE STRESSES AT 3850 AND AT 3300 RPM (STAGE A) 
(b) Centrifugal stress, psi.................... 12200 16600 
(c) Static steam stress, psi............... becs 390 550 
(d) Total steady stress 12590 17150 
(e) Vibratory etress, 3 negligible 
(f) Maximum stress (d + e), psi........... 16490 17150 
(g) Minimum stress (d — ¢), psi............ 17150 


Thus it can be seen that although 4th-order resonance has not 
been avoided, it has been located at a speed where less severe 
stresses are encountered. Had 4th-order resonance occurred at 
full speed, the steady stresses would be 17,150 psi, and the 
vibratory stresses 5500 psi, leading to a maximum stress of 22,650 
psi, and a minimum stress of 11,650 psi. 

Stage B has been handled in a similar manner except that it is 
tuned to have the full-power condition fall between the 5th and 
6th harmonics. Unless a blade is very highly stressed, it does not 
appear necessary to tune for harmonics above the 6th. Assuming 
the vibratory stress at resonance in stage B to be 10 times the 
steam bending stress, it will compare with stage A, as in Table 
4. 


Although the stress in stage B is higher than that in stage A, 

- when calculated by this arbitrary method, it should be remem- 
bered that the exciting force of the 6th harmonic will be much less 
than the 4th, and the factor of 10 is therefore rather severe. 

It is in connection with tuning that one of the most objectiona- 
ble features of impulse excitation becomes apparent. First-stage 
blades, which are subjected to impulse excitation, have high natu- 
ral frequencies which ordinarily would put them well out of reach 
of vibration trouble. Their frequencies may be 25 or more vibra- 
tions per revolution. It was, however, mentioned in the pre- 
ceding section, that even the 30th harmonic of impulse excitation 
may have an exciting force of 2 per cent. Thus these blades 
will be subjected to sizable exciting forces. Even assuming that 
it were possible to tune a blade accurately enough to obtain 24.5 
vibrations per revolution, it would be in resonance at 25 vibra- 
tions per revolution when the speed dropped 2 per ‘cent. This 
change is no more than that which would be encountered in going 
from light draft to load draft, or from clean bottom to foul bot- 
tom. 
maximum speed. Therefore the blades must be designed to with- 
stand such conditions. This can be done by keeping low bending 
stress and using materials which have good damping properties at 
the operating temperatures. Thirteen per cent chromium stain- 
less steel has relatively good damping properties. 

In the process of tuning, there are several ways of changing the 
frequency, and usually two or more of them are used together. 

In discussing the methods it would be well to consider the equa- 


It is thus impossible to avoid resonance at, or very close to, 
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TABLE 4 COMPARISON OF STRESSES IN STAGES A AND B 
Resonant Centrifugal Steam bending Total steady Vibratory 
«Stage rpm Harmonic stress, psi , Stress, psi stress, psi stress, psi 
3300 4 12200 390 12590 3900 
3550 6 12500 510 13010 5100 


tion for the frequency of a cantilever beam of constant ction, 


which shows the effect of several of the factors which determine 
blade frequency. This equation is 


Wis pAlt 
where 
F, = static frequency, cycles per min (epm y 
E = modulus of elasticity, psi 


= 
= 
= moment of inertia of cross section, in.‘ 
l = length of beam (length of blade), in. 
= density of material, Ib per cu in. 
= area of cross section, sq in. 
= weight per in. of beam = pA, lb per in. 


In this equation, F and p may be considered fixed, since the ma- 
terial is usually settled in advance. That leaves the possibility of 
altering A, 7, and /. Increasing the value of /, will increase the 
frequency. If a small increase is desired, it can be accomplished 
by thickening the blade slightly. If a large increase is needed, the 
necessary thickening would restrict the steam passage too much. 
In this case the entire blade section may be increased, maintaining 
the same geometric proportions. Either process increases the 
area A simultaneously. Moment of inertia, however, increases as 
the 4th power of the linear dimensions, while A increases as the 
2nd. Thus frequency will increase about in proportion to the in- 
crease in lateral dimensions. 

Another method of changing frequency is to change l. Since 
frequency varies as /*, this method is effective. It is usually an 
increase in frequency which is desired and, in this case, / would be 
decreased. This, however, may be a costly process because it will 
lower the efficiency of the stage. Therefore height decreases are 
used rather sparingly. 


The third method of altering frequency is to taper the blade, or 
alter the taper on one which already has it. Tapering a blade not 
only increases the blade frequency, but it is most effective in re- 
ducing centrifugal stress. If the stage A in Fig. 7 were made 
with constant cross section (using the base section), its static 
frequency would be about 13 per cent lower, and the centrifugal 
stress 70 per-cent higher. Tapered blades are also “twisted’’ 
frequently. This is done to suit the angle of the incoming steam. 

Shroud bands and lacing wires affect the frequency. Shroud 
bands do not necessarily raise the frequency. They do stiffen the 
blades, but the added mass sometimes counteracts the added 
In some cases, however, shroud-band alterations can 
Lacing wires increase the frequency, 
Altering their size 


stiffness. 
be used as an aid in tuning. 
particularly when there are two rows of them. 
will alter the frequency. 

Application of any of these methods of tuning usually is 
limited by the action of some other factor such as loss of thermo- 
dynamic efficiency, increase in stress, or difficulty of manufac- 
ture. It is for this reason that several methods may be applied 
simultaneously to obtain the desired result. 

The subject of tuning cannot be dismissed without some men- 
tion of the calculating methods which must be applied with every 
change. Only the briefest discussion of them can be given in this 
paper because a detailed treatment would result in the writing of 
a textbook. 

The calculation of a tapered twisted blade is a tedious process. 
It is necessary first to calculate maximum and minimum moments 
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of inertia and weight per inch of blade at several sectjons (usually 
at least three sections are taken and a curve is drawn through the 
three points thus obtained). For the actual frequency calcula- 
tion, the Rayleigh method is frequently used. In this method, the 
potential and kinetic energy must be calculated for a given as- 
sumed deflection curve. Ordinarily, the static-deflection curve, 
obtained by loading the blade with its own weight, is taken as the 
assumed curve. In this case, the calculation is represented by the 
equation 

| S wydl 

wy%dl 


F; = 188 


where 
= weight per unit length of blade 
ordinate of deflection curve 
differential length 


if the assumed curve is reasonably close to the shape of the ac- 
tual vibration curve, a good approximation is obtained. , In using 
the static-deflection curve, the error seldom exceeds 2 per cent 
If greater accuracy is required, it is necessary to make a second 
approximation, based upon the first calculation. 

Twisted blades present a problem because the axes of th 
cross seetions do not lie in one plane. This requires using tw« 
reference planes at right angles and working with co-ordinates 
An expédient which has been used to avoid this, is to work twe 
approximate calculations. In the first, the minimum moments of 
inertia for all sections are rotated into a single plane and the fre- 
quency calculated. This gives a frequency which is too low. The 
other calculation uses the moment of inertia, of each section, 
about an axis parallel to the minimum axis of the base section 
This gives a frequency which is too high. By interpolating be- 
tween these two frequencies and using factors obtained from 
tests, it is possible to obtain frequencies which are close enough 
for preliminary design work. 

Final blade-frequency calculations involve the effect of the 
shroud band or lacing wires. In this case the structure is inde- 
terminate and requires the application of strain-energy methods. 

Finally, it is necessary to calculate the effect of centrifugal 
force. For blades of constant cross section, Campbell used the 

formula 


= VF. + BN? 


B = 1.56 x + 1.17 
48 
= static frequency 
running frequency 
blade length - 
radius to base of blade 
rpm of turbine 


This formula may also be used for preliminary calculations on 
tapered blades. For final calculations, it is necessary to calculate 
the radial shortening caused by the lateral bending of the blade, 
and then calculate the potential energy which is stored up by pro- 
ducing this radial shortening against the action of centrifugal 
forces. The effect of centrifugal force on the vibration of a 
turbine blade is analogous in some ways, to the effect of gravity 
on the frequency of a pendulum. 


TESTING 


Consideration of the Campbell diagram shows that an error of a 
few per cent in the .calculation of blade frequency could lead to 
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disaster. Therefore it is natural that, testing should be an im- 
portant phase of blade design. In this way the various factors 
affecting frequency can be determined, and empirical design.co- 
efficients chosen. For this purpose a vibrator can be used to de- 
termine the natural frequencies of blading. The vibrator, illus- 
trated in Fig. 8, was built from a loud-speaker. The cone was 
sawed off and a small threaded nut cemented to the moving ele- 


8 VIBRATOR FOR DETERMINING NaTuURAL FREQUENCIES OF 
TuRBINE BLapEs 


ment. One end of a small aluminum rod (°/3: in. diam) is screwed 
into this nut, and the other end is attached to the blade by means 
of a spring clip. The permanent-magnet field of the speaker has 
been replaced by an electromagnet of considerably greater field 
strength. By sapplying an alternating current to the coil of the 
speaker, a corresponding alternating force of about 0.5 lb peak 
value can be obtained. A Hewlett-Packard 200-B, l-watt oscil- 
lator is used for this purpose, and it supplies sufficient power to 
vibrate most turbine blades. The oscillator frequency is varied 
until resonance occurs, and the frequency can be read on the 
oscillator dial. By using a micrometer drive for the dial and 
calibrating with a cathode-ray oscillograph, very high precision 
can be obtained when needed. 

Single blades to be tested are clamped to a heavy metal slab, 
usually using filler blocks which cover the root and packing piece. 
When testing an entire group of blades, complete with shroud 
band, the blades are mounted in a grooved block which simulates 
a sectfon of the turbine rotor. Such a group can be seen in Fig. 
8. ‘ 

Another type of testing which is necessary in blade designing is 
the combined tensile and fatigue test. In this test a tensile load is 
applied to the blade to simulate centrifugal force. At the same 
time, vibratory stresses are simulated by the application of a 
lateral alternating force. A machine for making such tests is 
shown in Fig. 9. A beam, weight-loaded at the end, applies the 
tensile load (up to 21,000 Ib). A connecting rod, attached to an 
adjustable eccentric, applies a bending deflection to the blade. 
The eccentric is driven by a motor with a speed range of 1000 to 
2200 rpm. The bending stress in the blade is checked by means 
of bonded resistance-wire (SR-4) strain gages. This machine is 
used to determine the fatigue strength of blading, and also for 
comparative tests of modifications to blade roots, It was used in 
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Fig. 10 Faticue Test or 2-In. Turpine Biapve 
arriving at the size of fillet to be used in the roots of the 


A and B, which were shown in Fig. 7. 


stages, 


In making combined tensile and fatigue tests, a certain tensile 
load is applied, and then a series of tests are run at different bending 
stresses. Each test is continued until the specimen either breaks 
or withstands 10,000,000 stress cycles. 
versus number of cycles is then plotted. Such a curve is shown in 
Fig. 10. It will be noticed that the curve falls rapidly at first and 
then levels off. At 10,000,000 cycles the curve is practically flat. 
With ferrous materials, it is assumed that a specimen which with- 
stands 10,000,000 stress cycles will last indefinitely. In this 
paper the ordinate of the curve at 10,000,000 eycles will be called 
the endurance limit. This term must be used with caution be- 
cause endurance limit is usually used to indicate the fatigue 
strength of the material subjected to alternating stress only. In 
this case there is a combination of steady stress and alternating 
stress. 


A curve of bending stress 


A separate endurance limit can be obtained for each value 
of steady stress. 

The several values of endurance limit may be plotted on a 
curve such as that shown in Fig. 11. Here, endurance limit is 
plotted as the ordinate and steady stress as the abscissa. In the 
plot shown in Fig. 11 there are only two points. The tests were 
all run with 30,600 psi steady stress, which gave one of the points. 
The other point is the steady stress corresponding to zero alter- 
nating stress. This is simply the tensile strength of the material. 
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Fic. 11 BLapE 
These have been joined by a straight line. Published literature on 
the subject indicates that this is a reasonable assumption to use 
when intermediate points are lacking. The resulting curve shows 
the strength of a particular blade for any combination of steady 
and vibratory stress. However, the curve should be representa- 
tive of other blades of similar design. 


Factor OF SAFETY 


In most stress problems it is desirable to calculate a factor of 
safety. In turbine-blade vibration there is much that is not 
known and that is why designers prefer statistical methods aided 
The magni- 
tudes of both exciting and damping forces are in considerable 
doubt. One manufacturer multiplies the steady steam bending 
stress by 10, adds it to the centrifugal stress at full power and con- 
siders that the working stress for the blade. This appears to be a 
reasonably rational approach when it is considered that it is 
equivalent to a harmonic exciting component of 5 per cent of the 
steady steam force, and an amplification factor of 180. The 5 per 
cent factor appears quite conservative in the light of the few 
measurements of variations in steam force which are available 
In fact, it is difficult 
to see how this figure could be approached in a carefully designed 
turbine, unless there were some damage to blading or nozzles. 

The amplification of 180 also appears reasonable for 13 per cent 
chromium stainless-iron blading in a low-pressure turbine. The 
5 per cent exciting force and amplification of 200 which have been 
assumed several times in this paper are very nearly identical with 
it. What this method does appear to need is an additional factor 
whereby the decreasing intensity of higher harmonics could be 
considered. 


by comparative stress and vibration calculations. 


(except in the case of impulse excitation). 


Returning now ‘to Fig. 11, we can plot the stresses for stage A 
from Table 3 of a previous section. The bending stress required 
for failure at the given static stress of 12,590 psi, is 44,000 psi, 
giving a factor of safety of 44,000 + 3900 = 11.3. At first glance 
this might seem to be an excessively high factor of safety. It is 
conservative, but turbine blades are subject to corrosion fatigue. 
Metals subjected to alternating stresses in an atmosphere of 
steam or water, have much lower endurance limits than in air. 
Because of this it would be reasonable to divide the foregoing 
factor of safety by 2, thus obtaining 5.6. 

Four failures have been plotted in Fig. 11. The blades involved 
had the characteristics given in Table 5. 

In each case the bending stresses have been multiplied by 10 
before plotting in Fig. 11. Blades X and Y-1 both failed after 
several years of service. Both were in the last row of the high- 
pressure turbine, where they were subjected to relatively large 
variations in heat drop around the periphery. Since both had ap- 
proximately 12 vibrations per revolution, they would not ordi- 
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rABLE 5 


a. Manafecturer 
xX 


(case 1) 
(ease 2) 
Z 


CHARACTERISTICS 


Steam 
bending 
stress, psi 
3610 
3390 
1590 


“Cent. 
stress, psi 
6410 
5000 
19800 
11200 


Turbine 
HP 
LP 
LP 


The bending stresses were, 
however, so high that even with the small excitation obtained 
from the 12th harmonic they succumbed to corrosion fatigue. In 
considering these stresses, it must be remembered that the factor 
of 10 is excessive for the high-order vibration. The remedy for 
such blade trouble is to lower the bending stress by using a heavier 
blade section. 4 

With blade Y-2, 4th-order resonance was encountered at full 
power. The blade itself did not fail but the vibration was suffi- 
ciently severe to crack the shroud band. Broken shroud bands 
are liable to jam and tear up the blading. In the case of blade Z, 
failure was attributed to axial vibration of the wheel. 
exact diagnosis of blade failure is usually difficult, and the prox- 


narily be expected to give trouble. 


However, 


OF THE ASME 


OF BLADES WHICH FAILED 


Total 
static 
stress, psi 


Vibrations 
per rev 
9 


Failure 
Blade 
Blade 

Shroud 
Root 


700 
imity to 4th-order resonance appears suspicious. 

In connection. with design, it should be emphasized that great 
care must be exercised in proportioning all fillets on turbine blad- 
ing. A sharp re-entrant corner at the base of the blade, or in the 
root can be the starting point for a fatigue crack which will cause 
the’ failure of an otherwise successful blade. 

CoNCLUSION 

From the foregoing illustrations and discussion, it can be seen 
that the design of blading to resist vibration’ is far from an exact 
science. In spite of this, high efficiencies are being obtained, 
while blade failures from fatigue have been reduced to a point 
where they are considerably less than failures from other causes. 
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Theory of the Mec 


hanical Properties 


of Hot Plastics 


By S. J. LORING,' EASTON, CONN. 


This paper describes a theory of large strain, tubber- 


like elasticity combined with stress relaxation, which is. 


the character of the behavior of hot plastics indicated by 
a series of unpublished high extension rate tests on such 
materials as polystyrene, polyethylene, acetate, etc., in 
.the molten or “‘soft’’ state. 
NOMENCLATURE 
natural strain components 
auxiliary strain quantities defined in terms of a;, 
pressure gradient in channel or tube flow 
“diffusion coefficient” representing effect of ther- 
mal agitation of molecules on their phase-space 
co-ordinates 
representative molecular force ° 
designation for arbitrary function in channel- and 
tube-flow analysis 
functions representing stresses due only to elastic 
strain in channel and tube flows 
function representing stress due only to elastic 
strain in tube flows 
forces on sides of parallelepiped of material 
modulus of rigidity entering specific strain-energy 
functions 
semiheight of channel or radius of tube 
auxiliary parameters in analysis of channel and 
tube flows 
“dummy” indexes ranging over values 1, 2, 3 
constant of proportionality between representa- 
tive molecular force f and length r 
direction cosines relating directions of 2, 22, 2» 
and Ys, Ys AXeS 
Ih, Ta, Ls 
m,; = direction cosines relating directions of 2, 22, 23 
and 2), 22, 23 aXes 


fixed reference lengths 


auxiliary strain quantities defined in terms of a,; 
and m,; 


exponent in specific relaxation and strain-energy 
functions 
number of molecules per unit volume 


hydrostatic tension independent of .elastic p 


in incompressible materials 
constant hydrostatic tension in channel or tube- 

flow analysis 
volume rate of flow per unit width in channel 
volume rate of flow in tube 
representative length of chain molecule 
reference value of r ae 
functions describing relaxation process 
shearing rate in simple shear 
dimensionless measure of shearing rate s 
Mem. ASME. 

Contributed by the Rubber and Plastics Division and presented at 
the Annual Meeting, New York, N. Y., November 27—December 2, 
1949, of Tue American Society or MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49-——A-60. 


1 Consulting Engineer. 


= time 
= “relaxation 
functions 
constant of integration in flow-velocity integrals 
for channel or tube 


time’ entering specific relaxation 


flow-velocity components in 2, x2, 2; directions 
“drift” velocity of phase-space co-ordinates of a 
molecule due to molecular force 
work done on unit volume of material by external 
forces 
Xi, Xe, Xs fixed direction Cartesian co-ordinates; in dealing 
with strain a single prime (’) denotes position of 
point in unstrained condition, and double prime 
(") in strained condition * 
auxiliary parameters in analysis of channel! or tube 
flows 


7, Y,2 
Ys 


Cartesian co-ordinates in phase space 

Cartesian co-ordinates with same origin as x), o, 
rz, but directed along lines in unstrained condi- 
tion which become principal axes in 
condition. 


strained 

Single and double primes (") 
have same significance as for 25 

Cartesian co-ordinates with same origin as x, 2», 
x3, but directed along lines of principal strain in 
strained condition, Single and double primes 
(") have same significance as for 22, 25 

principal extension-strain ratios—referring to 
elastic strain in Sections 3, 4, and 5 

viscosity coefficient for Newtonian liquid 

apparent viscosity for flow in channel 

apparent viscosity for simple shear flow 

apparent viscosity for flow in tube 

angle between principal strain axis 2, and axis 


1, ay 


x; in two-dimensional strain 
A, angle between unrotated principal axis y;, and 
axis x, in two-dimensional strain 
parameters in linear relations between M,, and 
m 


Ai, Az, As 
assumed constant of proportionality between 
and molecular force f 
distribution function in phase space 
po equilibrium distribution function 
01, principal stresses 


“on, O22 tension stresses on 2), 72 co-ordinate plane 
T shear stress on 2, 2, co-ordinate planes ® 
auxiliary functions for channel flow 


L INTRODUCTION 

The mechanical stress-flow properties of hot plastics are of 
considerable practical importance in the study of various plastic- 
manufaccuring processes, such as extruding, molding, injection 
molding, ete. The results of a series of tension tests on several 
hot plastic materials, which are reported by the author,? indi- 

?**Report on Tensile Tests on Hot Plastics at High Extension 
Rates"’; report prepared for Plax Corporation by 8. J. Loring, Decem- 
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cate that the flow properties of these materials result from a 
rubberlike large deflection elasticity combined with a stress re- 
laxation property. 

The elastic and relaxation properties combine to produce flow 
characteristics which are in many ways similar to those of the 
classical Maxwell liquid. The classical Maxwell liquid theory, 
however, implies that the elastic strains are of infinitesimal, or 
at least very small magnitude as is also assumed in the classical 
theory of elasticity. In contrast, the subject materials exhibit 
very large elastic strains, with extension ratios of the order of 2 
or even 10, and these large elastic strains have profound effects 
upon the behavior of the materiais as compared to the classical 
Maxwell liquid. 

The important novel effects introduced by large elastic strain 
as opposed to small strain originate from two principal sources. 
One source of novel effects lies in the geometrical properties of 
large strain itself, which are considerably more complex than those 
of small or infinitesimal strain. The other source of new com- 
plexities is the fact that both the elastic and relaxation rates are 
affected by the changes in internal structural arrangement of the 
materials which must accompany large strain; these rates no 
longer can be considered linear as in classical theories. 

A theory of the mechanical behavior of materials exhibiting 
large-strain elasticity and stress relaxation is developed in the 
present paper, in which consideration is given both to the geo- 
metrical properties of large strain and to the nonlinearity of elas- 
ticity and relaxation which accompany large strain, 

The theory is based upon the mathematical treatment of large 
strain presented in Section 2. This treatment differs from most 
other treatments of large strain in,that it is developed from the 
specification of the state of strain at the individual points of a 
body rather than a general specification of the state of distortion 
of the body as a whole. The strain at the individual points is 
then related differentially to the distortion of the body as a whole 
by specifying its time rate of change in terms of flow velocities. 
This point of view appears simpler than the usual one because the 
current strain condition can be followed during the course of a 
deformation without the complexities and ambiguities that arise 
in relating the positions of points in the body directly to their 
original or unstrained positions. The viewpoint is, in addition, 
particularly well adapted to the treatment of the relaxation proc- 
ess in flows, which leads to real ambiguities with the older 
method. 

In Section 3 the mathematical specification of general elastic 
and relaxation properties is developed from a phenomenological 
and macroscopic point of view. It is pointed out at the end of 
that section that numerical implementation of this specification 
requires data relating to the internal structure of the materials, 

A simple molecular representation of internal structure is set 
up in Section 4, and analyzed by the methods of statistical me 
chanics to illustrate the structural significance of the phenom- 
enological concepts introduced to describe the macroscopic me- 
chanical behavior, This analysis leads to definite mathematical 
functions which describe the elasticity and relaxation of the sim- 
plified representation, and which may be used as starting points 
for interpretation of test data on actual materials. ; 

General solutions for the steady-state flows in channels and 
tubes are developed in Section 5, and their numerical application 
is illustrated by carrying out numerical computations with strain- 
energy and relaxation functions which are in accord with the 
tensile test data of the author.2 Comparison is made with some 
‘test data on flows through channels and tubes, and the agree- 
ment with the theory is encouraging. -. 


See, for example, footnote,5 
reference. 


and discussion just ‘prior to that 
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Regarding extensions in the applications of this theory, it is 
interesting to note that the principal novel concepts in large elas- 
tic strain are very similar to those described by Bailey* as orien- 
tation in cold plastics. It appears that the understanding of 
the mechanical properties of hot plasties may be extended and 
lead to understanding of the more complex properties of eold 
plastics. 

In any event, it is hoped that the theory in its present form 
will serve as a basis for interpretation of observations on the 
mechanical behavior of hot plastics, and when fully implemented 
by such observations, will serve as a basis for rational and quan- 
titative treatment of some of the flow problems involved in the 
manufacture of plastic articles, 


2 GeomMerry or LARGE STRAINS 


(a) The Notion of Strain. Since the properties of large strain 
differ in a number of ways from those of the small strain of classi- 
cal theory, some of the commonly accepted attributes of small 
strain must be disearded in treating large strain. For this reason 
the developments of this section are introduced by an account 
of the general notion of strain of unrestricted magnitude. This 
account is directed to the viewpoint to be adopted in the follow- 
ing treatment of large strain. 

A complete and detailed description of cireumstances in which 
the relative positions of the points of a body change requires the 
notion of strain. Consideration’ of those circumstances will 
serve to bring out the basic concepts involved in the notion of 
strain. 

Note first that change in the relative positions of the points of 
a body implies a comparison of two states of deformation of the 
body. Therefore two distinct configurations of the points of a 
body must be involved in the notion of strain; specifically, the 
comparison of the two configurations is involved. « é 

Changes in relative, position of distant points of the body re- 
sult from vectorial addition of the changes of relative position’ of 
a number of closer intermediate points, and they are, therefore, 
implied by the latter changes. The closer the points of the body 
that are individually identified the more complete the description’ 
of the relative state of distortion in the two configurations. 

In the limit, a complete description of a distortion of a body ean 
consist of a gatalog of the relative position changes of all its 
pairs ef points which lie an infinitesimal distance apart. Sypeh 
a catalog may be conceived as being composed of sections each 
of which is devoted to a particular point and contains ‘the in- 
formation for all pairs of points separated by an infinitesimal dis- 
tance and of which the particular point is a member, Multiple 
listings required for this arrangement of the catalog will; of 
course, not affect its completeness, which is all that matters for 
the present purposes. 

The information contained in that section of the catalog de- 
seribed in the preceding paragraph which is devoted to a particular 
point is just the information which is contained in a specification 
of the state of strain at the point.” The mechanics of this 
specification, and its properties, form the subject matter of the 
present treatment. 

Most classical treatments of strain are restricted to the case 
of “small” strains, in which case the changes in the distances be- 
tween pairs of neighboring points are very sm&ll compared to 
these distances themselves. This restriction is inappropriate 
for the present purposes and is completely abandoned. In the 
treatment which follows no assumption is made as to the magni- 
tude of the changes which take placé in the distances between 


‘Stretch Orientation of Styrene and Its Interesting Results,” 
by James Bailey, India Rubber World, vol. 118, May, 1948, pp. 225- 
231. 
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neighboring points, except that they are continuous from point 


to point and remain finite. 


(b) Specification of Strain at a Point. 
strain at a point in a body, a set of Cartesian co-ordinates x;, 2», 
x; is set up with the origin at the point in question. The direc- 


In order to specify the 


tions of these axes remain fixed, but the origin stays on the point 
of the body and moves with it during a deformation. 
Let the x, x2, 2;-co-ordinates of any neighboring point be des- 


ignated by x’, x2’, x; 
designated by 2", x2", 2x, 


before the deformation,” and let them be 
after the deformation.” 


Specifica- 


tion of the strain at the point consists of a general expression for 


x", 22", 23” in terms of z,’, in which, however, these co- 


ordinates are limited to infinitesimal values. 


Any relationship between 2,", 22", 23” and 2x,;', 22’, z;’ can be 


expressed as power series in 2;', x2", x3’. 


The constant term in the 


series for each of x,", x2", 23” is zero since, by definition, the refer- 


ence axes move with the reference point in the body, thgt is, 


x,’ = 2,’ = 23’ = O always implies that 2," = x." = 2,” = 0. 
Furthermore, since x;', 22’, zs’ are limited to infinitesimal values, 


powers above the first may be neglected in the series. 


Accord- 


ingly, the most general expression for strain at a point is 


ri". = + Ayre’ + aysrs’ 
= Anti’ + Gre’ + . [1] 
Xs" = + + } 


The strain is specified by the nine quantities a,, .. . ay, which 


will be called the natural strain components. 


Though they are in 


a different form, the natural strain components are equivalent 
to the strain components usually employed in the classical theory 


of elasticity. 


However, as remarked before, in this work no 


assumption is made as to the magnitudes of the strain compo- 


nents except that they remain finite. 


In the exposition which follows a number of equations will be 
encountered which, like Equations {1], have groups of similar 
terms in which only the indexes change. 
shorten the writing out of these equations by use of the standard 
summation symbol , and the letter indexes 7, 7, k, which range 


over the values 1, 2, and 3. 


It will be convenient to 


The index to which the summation 


refers will be indicated by placing this index under the summa- 
tion sign, and the ranges of other indexes will be indicated in 
Thus Equations [1] can be 


parentheses after each expression. 


written 


J 


z,” = Za,,2,’, (fori = 


) 


(c) Resolution of Strain Into Three Principal Strains and a 


Rotation. 


For treatment of the generalized types of elasticity 


and relaxation to be discussed in-the sequel it is convenient to 
reduce the specification of a strain to a standard and uniquely 
simple form rather than to use the natural strain components of 


Equations [1]. 


It will be shown that any strain specified by Equations [1] is 
equivalent to, and can be resolved into three simple extensions 
along three suitably directed mutually perpendicular axes, plus a 


rigid-body rotation. 


tion are called the principal strains. 
resolution, there are only three really independent components of 
strain proper; in addition to these three principal strains, the 


The three simple extensions of this resolu- 
Thus, according to this 


natural strain components a,; also specify the orientation of the 


principal axes of strain and a rigid-body rotation. 


The resolution 


‘into principal strains will isolate these three aspects of a general 


strain given by Equations [1]. 


To effect this resolution introduce two additional sets of Car 
tesian co-ordinates with origins also staying on the point of the 


body which is the origin of the 2, 22, x3 axes. 


These new co- 


ordinates are designated yy and 2, 22, 2; their axes differ 


from 2), £2, £3 only in orientation, and expressions relating the 
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co-ordinates themselves to x), 22, 2, are 


140 


y; = (fori = 1, 2,3)........... [2] 
and 
my, (fori = 1, 2, 3). 
j 


In these relations 1;; and m,; (for i, 7 = 1, 2, 3) are, respectively, 
sets of direction cosines relating two sets of orthogonal axes. 
They each satisfy the well-known identities for such direction 
cosines which express the orthogonality of the two sets of axes, 
These identities are used in subsequent derivations and will be 
written here for the m;,; for reference purposes 


a = m;,;? = 1, (fori = 1, 2, 3) 
j 


4 = mjmy; = 0, (for i # k, and i, k = 1, 2, 3) 


[4] 


[5] 


It may be noted that Equations [5] comprise only three equa- 
tions since for these equations 7 is specified to be not equal to k, 
and interchange of 7 and k does not change the terms of the sum- 


mation. 


[5] are the terms of Equations [4]. 


From the identitie 


The terms that would result from i = & in Equation 


Equa- 


tions [4] and [5], the following similar identities can be derived 


m,;? = 1, (for7 = 1, 2, 3) 


0, (for j # k, and j, k = 1, 2, 3) 


[4a] 


5a) 


Observations can be made concerning the identities, Equations 
[4a] and [5a], which are entirely similar to those already made 
concerning Equations [4] and [5]. 
Similar identities hold, of course, for the J;,. 
In a fashion similar to that already specified for x, x2, 23, the 
single prime (‘) is used to designate the y- and 2-co-ordinates of 
points in the body before deformation, and the double prime (") 


after deformation. 


For each given strain, the orientation of the y- and z-axes, that 
is, 1;; and m,,, are set as follows: The 2, 22, 23 co-ordinate axes are 
directed along the three principal strain axes in the deformed 


body. 


The points of the body in the neighborhood of the refer- 


ence point which lie on these principal strain axes after deforma- 
tion will have lain along three mutually perpendicular straight 
lines before the deformation took place; these lines, however, 
generally have different directions than the principal strain axes 
in the deformed state, because of the rigid-body rotation com- 
The wy, ye, vs axes are directed along the 


ponent of the strain, 


three mutually perpendicular lines thus defined. 


It is seen then 


that the orientation of the z-axes, i.e., the m,,, locates the prin- 
cipal axes of strain in the deformed body; and also that the dif- 


ference in orientation between the z-axes and the y-axes, i.e., the 
m,; and the l,;;, determine the rigid-body rotation part of the 


strain, 


Let the three principal extension “‘strain ratios” 
I 


nated by aj, a2, and as. 


is, then, asserted to be equivalent to a strain specified by 


or 


= 
23” = 
= a,y,;’, (fori = 1, 2, 3) 


be desig- 


The strain expressed by Equations [1] 


[6] 


|6a] 


The problem at hand is to show that a strain given by Equations 
[6] ean be made to coincide with any given by Equations [1!, by 
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suitable choices of the principal strain ratios a, and of the direc- 
tion cosines m,; and l;;; and further to determine the @;, m;;, and 
l,; in terms of the natural strain components a;; of Equations 
{1}. The balance of this subsection is devoted to this problem. 

Use the relations of Equations [2] and [3] to express Equations 
[6] in termsvof the 2), 72, 2; co-ordinates: thus 


m;;7,;" = a; (fort = 1,2, 3)......... [7] 


) 


Now, solve these three equations for x,”, 22", 23", respectively, by 
multiplying the respective equations first by m,, and adding, then 
by mi and adding, and finally by mj; and adding. This process 
solves the equations for x,", 22", 24” by virtue of the identities, 
Equation [4a] and [5a]. The coefficients of the x,’ in the re- 
sulting equations solved for the 2,’, by comparison with 
Equations [1], are seen to be equal to the natural strain com: 
ponentsa,,. Thus 


a,; = ayl,jm,,, (for i,j = 1, 2,3).......... [8] 
k 


There is a total of nine separate equations in Equations [8], one 
for each of the nine a; ;. 

In order to obtain explicit equations for the direction cosines 
m,,, Start by forming the following nine equations from Equations 
[8], with the help of the identities, Equations [4] and" [5] 


x a;;m,; = a,l,;, (for k,j = 1, 2, 3) :. [9] 
t 
In these equations the m,,; occur only in the left-hand sides, while 
the /;; occur only on the right. Now, with the help of the identi- 
ties of the type of Equations [5] in the direction cosines l;;, the 
three combinations 


a;a, 1;1,; = 0, (fori #k: i,k = 1,2,3)... [10] 
J 


of the right-hand sides of Equations [9] may be formed which 
are -identically zero. There are only three distinct relations, 
Equations [10] since i # k, and interchange of i and k does not 
change the relation. The corresponding left-hand sides of the 
combinations, Equations [10], of [9], which are equal to zero by 
Equations [10], comprise three equations in the m,;. These 
three equations in combination with the identities, Equations [4] 

and [5], serve to determine the values of all the mM, ;. 
The three equations in the m,; are most conveniently written 
with the help of the following auxiliary notation: Let 
Ay = Aye = (for i, j = 1,2, 3) 


and further, let . 


M,, = = A, m,,, (for 7, j = 1,2, 3)........ [12] 

Note that, if a,, are considered known, the A,, are known con- 

stants, while the M,; are “linear combinations” of the m,;; with 

these constants as coefficients. With this notation, the three 

equations in the m,,; may be written as follows 


M,; = 0, (fori #k; i,k = 


There are only three equations implied by Equations [13] sinee i 
is specified to be not equal to k, and the notation of Iquations 
[11] and [12] implies that interchange of 7 and k does not alter 
the expanded or intrinsic form of Equations [13]. + 

Comparison of Equations [13] with the identities, Equations: 
[5], shows directly that the m,, and their linear combinations 
AM ,; must be connected by the relations 


= (for i, 7 = 1, 2,3) 
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where \; (i = 1, 2, 3) are constants which will be determined. 

If the three of Equations [14] with any specific index ¢ are sub- 

stituted into the three of Equations [12] with the same index 

i, the following three linear homogeneous equations in mj), Mis, 

mis are obtained 

(An - + + = 0 

Aimy, + + (Ag; Ay 0 


Furthermore, if these equations are to have solutions for the three 


unknowns mi, ms, mis which are not all zero’—which must be the 
case because of Equations [4] 
efficients must vanish. Thus 


then the determinant of the ‘co- 


(An Ax A 1 
A (An — Ay) Ay [16 | 
Ai; Ay (Ay 


The numerical values of mj, mis, mis ean be obtained. for any root 
Ay satisfying Equations [16] by use of any two of Equations [15} 
and condition, Equation [4]. The expanded form of Equations 
[16] is a cubie equation which has three roots Mi, As, Az. These 
three roots give the values of my, Miz, Mis Tor i = 1, 2, 3, respec- 
tively. Therefore all the m,, are determined. 

The determination of the 1;; ean be carried out in an entirely 
similar manner starting with the relations 


= am,;, (for isk = 1, 2,3) 


In a fashion entirely similar to that for Equations [9], these rela- 
tions are obtained from Equations [8], with the help of the iden- 
tities, Equations [4a], [5a]. The determination of the 1;, will not 
be carried out, since the formulas will not be required in the se- 
quel. 
Having shown how to determine the numerical values of the di- 
rection cosinés m;; and 1;;, these values may be considered as 
.known. The values of the principal strain ratios a, can be de- 
termined from Equations [9] by forming the three combinations 


a; 21;;? = a;, (fork = 1, 2, 3) 
of the right-hand sides. The resulting formulas for a, are 
a, = (fori = 1, 2,3)... 119] 
j,k 


Here the summation includes a term for each possible combin 
tion of j and k for j, k = 1,2,3 


nine terms, one for each of the Ay. 


The summation has therefore 


The resolution of any strain given by Equations [1] into three 
principal strains in appropriate orthogonal directions and a rigid- 
body rotation has been effected. The local state of distortion 
of the material of a body near a point is completely specified by 
the a, and the m;;. The only role played by the direction cosines’ 
l;, in specifying the strain is in'defining the rigid-body rotation in 
conjunction with the m;;. The rigid-body rotation does not con-, 
tribute to the local distortion of the material at, all, and it will be 
seen that for a number of purposes, the 1;, are extraneous, that is, 
they do not enter a problem at all. In fact, problems of this 
type would not have unique solutions in terms of the natural 
strain components a,,, since the latter contain the extraneous 
rigid-body rotation. 

Problems involving relaxation phenomena are often of this 
type, since the effect of relaxation on the rigid-body rotational 
component of the strains is in a sense indeterminate, that is, it 
depends upon the boundary conditions under which a partially” 
relaxed body is allowed to become elastically restored to zero 
strain. These boundary conditions are unspecified and really ex- 
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traneous in problems in which the body ‘is never allowed actually 
to restore itself to zero strain, for example, in a case of steady- 
state flow. 

The general validity of this resolution is therefore of con- 
siderable theoretical significance in treating problems of flow in 
materials exhibiting relaxation properties. This is the main rea- 
son for treating the resolution in the completely general manner 
of the subsection, i.e., in terms of completely general three-dimen- 
sional strain. In the present work actual numerical use of the 
resolution is made in less general special cases. 

(d) Rate of Change of Strain Components Due to Flow. The 

treatment of problems of flow is facilitated by relating the strains 
at the points of the body to the distortion of the body as a whole 
through differential relations for the rate of change of the strain 
components due to flow velocities. Some of these relations . 
will be derived in their general three-dimensional form both in 
terms of the natural strain components and in terms of the prin- 
cipal strain components, 
The unstrained co-ordinates 22’, 23’ of a point will not 
change as a direct result of a flow process;’ therefote in the 
present derivations these co-ordinates are considered independent 
of time. Differentiation of Equations [1] with respect to* time 
gives the relations 


or,” da,,- 
— ,’, (for i = 1, 2,3)........ (20) 
at dt 


j 


The Eulerian velocity components along the x, Zz, 2s co-ordinate 
directions are denoted by 1, v2, v;. The time rate of change of 
the displaced co-ordinates x,", r)", x3" of the particles of the body 
in the neighborhood on the reference point are therefore di- 
rectly 


fori = 1,2, 3) (21) 


In these Equations [21] the factors z,” in the terms of the right- 
hand side may be expressed in terms of z,’ by use of the relations, 
Equations [1]. The resulting right-hand sides ‘of Equations [21 ] 
therefore become linear expressions in the z, 
parison of these cofficients with those in Equations [20] gives the 


‘and direct com- 


expressions for the rates of change of the natural strain compo- 


nents due to flow. 


These expressions are 


= a , = 1, 2, 3)....... [22] 
dt k 


The principal strain ratios are given by Equations [19]. Their 
time derivatives are, accordingly, given by 


da, da ;, dm, ; 
dl ¢ 
+ aym,; un} [23] 


The second and third terms in the summation of this equation 
vanish, This can be shown as follows: Sum the third terms with 
respect to j, and use Equations [9] to eliminate a,,m,,; the total 
contribution of this third term is thus seen to be 


dt 2 dt: 

' The unstrained co-ordinates might be considered to. change - 
#n “indirect” result of a flow due to a relaxation phenomenon. For 
the present, however, only the direct results of flow are being consid- 
ered. It will be seen later that this delicate question is sidestepped 
by use of the resolution into principal strains. In fact, this is the 
really fundamental reason for introducing this resolution. 


= 
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Similarly, sum the second terms with respect to k and use 
Equations [17]; the contribution of this term is —— 


dm a, a 
aym,; (= m,,?) = 0 
dt 2d; 


Thus only the first term in the summation on the right side of 
Equation [23] remains. Substitute Equations [22] into this 
first term and use Equations [17] to eliminate a,,l;, factors; the 
resulting form of Equation [23] is 


ik 


da, 


, (for = 1,2, 3)...... [24] 


It remains to determine the expressions for the rates of change 
of the direction cosines. These expressions will be derived only 
for the two-dimensional case in the next section. 

(e) Case of Two-Dimensional Flow and Strain. The definition 
of two-dimensional strain in the x, z:-plane is that the deflection 
vector of all particles lies in the z;, z-plane, and all particles with 
the same 2x), r2-co-ordinates have the same deflection vector. 

Referring to Equations [1], the condition on the natural strain 
components a,; for two-dimensional strain in the are 


MQ; = Ay = = Ayn = 0; ay = 1.......... 125] 


The corresponding two-dimensional flow is 


The relations for principal strains, principal strain directions, and 


rates of change of these due to flow are to be derived for this ease = 


of two-dimensional strain and flow. 
The A,, of Equations [11 | for two-dimensional strain 


Ay; = Ay, = Ay = An = 0; Az = 1 

Ay = ay? + ayy? | 

Ay = An = + 


‘Thus Equations [15] for the direction cosines m,, become 


+ + + dae? — Ay 
(1 — mys 


(28 


The determinantal equation for A, is 


(1 — A, )[A,? + + + 


+ )?} = 0 {29 | 
The root Ay = 


[29]; substitution of this root into the first two of Equa- 
tions [28] gives, with the help of Equations [4] and [4a] 


ms: = My = My = moe = 0: my = 1 
With the values of Equations [30], the remaining direction cosines 
may be expressed as 


mi = M2 = ms = —m = sin 6 .|31] 


where @ is the angle between the 2; (principal) axis and the 2)-axis 
The meaning of Equations [30].is of course that the axes 2, and 


22 lie in the x2, r-plane. The relative positions of these axes are_ 


shown in Fig. 1. 


In order to determine the value of the angle @, first determine | 


the roots of the quadratic factor of Equation [29]. These roots 
are 


is determined by the first factor in Equation — 
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The set of Equations [8 | specialized for the 
with the help of Equations 


two-dimensional case 
[30] and [31 | give 


a, = aq, cos 6 


sin 6 
cos — sin @ 
= sin 6+ cos 


= 


1 aa. = sin @ cos J 3 
ee) ee i Further, reasoning similar to that used to derive Equations [31 | 
shows that Ij,, dy, lx, and be in the two-dimensional case may be 
V (an? + ays? — as,2 — + + expressed as 
li = le = cog A; he = = sin [38 la 
Substitution of either of these values with Equations [31] inte From Equations [37] and [38] the following relations may be fc 
x : obtained which are independent of the angle @, of Equations [38 | 
2 
2, * ay? + Ay” = cos?.8 + a? sin? 0 \ [39] 
ay? + ay? = sin? @ + a? cos? 
ti 
trom which, finally ; cl 
+ ay?) ai? + a? 
4 8 + ay? — ay? — — a? 
2(ay? + 29”) ai? + a? | st 
Fic. Position oF IPAL STRAIN AXES 21, 22 FOR Two-Dimen- an? — ary 
SIONAL STRAIN IN 21, 22-P1 * Substitution’ of the relations, Equations [40], into [36] vields 
m the final ex yression for the rate of change of the rincipal strain pen 
; ‘ prineiy 
either of the first two of Equations [28] will determine the angle directions with flow in the two-dimensional case. This final 1 
6. The result is most easily expressed as , expression is , : as 
pr 
° + — — Ay? dt a;? — a? Or» or; re 
. ch 
: An expression for the rate of change of the angle @ is obtained ai? + a? Ors or Ons ov; ad 
by direct differentiation of Equation [33] with respect to time, ont —~ eat ’ or; or. or; or, tic 
This expression is ats 
mn dé The important characteristic of this expression is that it involves pa 
2 (see?20) x dt only the quantities a, a, @ which describe the “strained” condi- m¢ 
F . = F tion at a point: quantities relating back to the unstraine 1 con- th 
ae 2(a2 — an tan 20) ay (dt) + 2(az2 — Mz tan 20) Mie (« 0) dition, that is, the [,; or angle @, of Equation [38], do not enter the str 
. au? + ay2* — an? — ay. expression at all. Thus the question of whether the unstrained de} 
2(an + as; tan 20)das,/(dt) + 2(a12 + ax tan 20)dasa Nat) condition at a point of a body is changing due, for example, to a 
relaxation process, has been sidestepped. Previous.reference has mg 
been, made to this result.5 In this connection it should also be lea 
: [34] noted that Equations [24] for the rate of change of the principal — 
Expressions [22] for thé rate of change of the natural strain com, — Strain ratios is also independent of the quantities 7; ., ee 
ponents due to flow become, for the two-dimensional case . (f) Case of Steady-State Simple Shear Flow, A particularly 
* simple and important case of two-dimensional strain and flow is ** 
day; ort Or, days or rf On; the case of a Steady-state simple shear flow. Steady flows of vir 
or; dt * or, ar. materials through tubes and channels are often of this character, str 
F - ¢- [35] The relations of the preceding subsection can be further spec- poe 
- dan = + as Ais + ma ialized for this case. cut 
dt Or; Or, dt Or; Or, The flow considered is a flow in the x-direction for which oa 
Substitution of these relations into Equation [34] gives or or, sib 
const; = 7, = - = [42] 
do Ors or, lars 
<\sec"Z0) X dt . A flow of this character results in two-dimensional strain in the 
. 1, r-plane, for which a, = 1. With Equations [31] and [42] the I 
sie ——$——— ee + tan 20 relations, Equations [24] for rate of change of the principal strain me 
+ — — or; ratios become 2 
*  2(an? + ant) or; ] cha 
2 22 > day | 
+ PE prs — tan? 29 .. [36] SIN cog@ == sin 26 thor 
+ ays?) da 1 | 
+ + tan? 29 = —ais Sin cos = — Sin 29 I 
4° — ay? — A22 dt | isot 
2(421? + do?) tan 20 
+] - + tan das =0 
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For the rate of change of the principal strain directions, Equa- 
tion [41] gives 


dé s [ a? + a? 
= C08 20 — 1 


dt 2 — a [44] 


3 PHENOMENOLOGICAL DescrIPTION OF LARGE-STRAIN ELastic- 
iry Wirth Stress RELAXATION 


(a) Axiomatic Basis of Description. The phenomenological 
description of the stress-strain properties of materials, exhibiting 
large-strain elasticity with stress relaxation, is developed from the 
following axiomatic statements: 


1 The state of stress is dependent solely upon the state of 
“elastic” strain. 

2 Thetime rate of change of elastic strain is equal to the 
time rate of “geometric’’ strain plus a spontaneous time rate of 
change which depends only upon the current elastic strain, and 
corresponds to the relaxation process. 

The second statement defines the new concept of elastic strain 
which the farst requires. This axiomatic foundation can be re- 
stated at greater length, and in a manner which emphasizes the 
meanings of the terms elastic and geometric strain. b 

‘Geometric strain has been treated in Section 2; it specifies 
the relative movements of the individual particles of a material. 

The time rates of change of the principal (geometric ) strain ratios 
due to flow of a material are given by Equations [24], and of the 
principal (geometric ) strain directions, for the two-dimensional 
case, by Equation [41]. Elastic strain is specified in the same 
terms as geometric strain, but differs in that its time rate of 
change is equal to the rate of change of geometric strain plus an 
additional term which describes a spontaneous relaxation of elas- 
tic strain. Because of this additional relaxation term, elastic 
strain does not specify relative movements of the individual 
particles of a material, though it is related to the history of these 
movements in a definite way. It is asserted axiomatically that 
the state of stress in the material is a function only of the elastic 
strain thus defined, and that the relaxation rate of elastic strain 
depends only upon the elastic strain itself. 

. The distinction between geometric strain and elastic strain 
may be illustrated further by stating how each might, in theory at 
least, be observed. The state of geometric strain would be ob- 
served by marking a number of particles of the material and 
noting how their relative positions change. The state of elastic 
strain might be observed by cutting a small cubical element out of 
a material under flow or stress, and, removing it from its en- 
Vironment, allowing it immediately to assume its natural zero- 
stress shape. The geometric strain which would have to be im- 
posed to bring the element back to its cubical shape and size when 
cut would be the elastic strain in the material under the flow or 
stress condition, or would be closely related to it.® 

The materials treated will further be assumed to be incompres- 
sible, and to have a property of isotropy generalized for the case of 
large elastic strain. This generalized property of isotropy is de- 
fined as follows: 


| When a material is in an elastically unstrained state, its 
mechanical behavior is identical in all directions in the material. 
2 When a material is in an elastically strained state, its-me- 
chanical behavior in any direction depends only upon the rela- 


tion of this direction to the principal strain directions, and upon * 


the principal elastic strains themselves. ; 
It may be noted that the difference between this generalized 
isotropy and the classical isotropy is that isotropic behavior is not 
* This reservation is made for a reason which will be referred to 
in the sequel. 
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postulated for the superposition of one elastic strain upon an- 
other. The analytical difference between large and small strains 
is of this character; superposition of large strains does not fol- 
low a simple addition law, while superposition of small strains 
does. 


A numerical determination of the stress corresponding to any 
specified deformation process in a material requires mathematical 
expressions for the spontaneous time rate of change of elastic 
strain due to the relaxation process, and a mathematical rela- 
tion between the state of elastic strain and the state of stress. 
The formulation of these mathematical expressions is the prin- 
cipal aim of the theory. 

(b) Elastic Strain and Relaxation Relations. In accordance 
with the method of specification of large strain developed in Sec- 
tion 2, the state of elastic strain may be specified by the three 
principal strain ratios a, a2, a3, and the principal strain direction 
cosines m,,, or, in the two-dimensional case, the angle @. Hence- 
forth this notation will be used without alteration to specify 
elastic strain. Special mention will be made if geometric strain 
is referred to, and it is different from elastic strain. 


The time rate of change of the principal elastic-strain ratios is — 


dt 2 dt geom dt relax 


with two similar equations for a: and a;. The terms (da; /dt)geom 
are the rates of change of the elastic strain corresponding to 
change of geometric strain; in a flow these terms are given by 
Equation [24], in which a; on the right side is the elastic-strain 
ratio. The terms (da;/dt)reiax describe the relaxation property of 


given by 


the material, and, as properties of the material, these terms must 
be characteristic functions of the elastic-strain state only. As a 
result of the assumed property of isotropy these terms must be 
functions only of the principal strain ratios a;, a, a, and are 
designated by R,, Re, Ry; thus 


day 
dt = an, a3) 
relax 
daz 
jan 
das 


A further consequence of the property of isotropy is that R,, Rs, 
R, must be obtainable from each other by interchanging the varia- 
bles ai, a2, a;: thus there is actually only a single relaxation 
function to be determined. 

it is also a consequence of the property of isotropy that the 


directions of principal elastic strain are not changed by relaxa- 
tion. Equation [41] is therefore valid for the change of elastic- 
strain direction in two dimensions provided that a; and az on the 
right-hand side are elastic strains. 

A set of geometric-strain ratios which correspond to zero volume 
change in a material must satisfy the relation 


. a, X a X a; = [47] 
The rates of change of geometric strain for incompressible mate- 


rials must therefore satisfy the relation obtained by setting the 
time derivative of the left side of Equation [47] to zero 


+ = @.. [48]. 
a dt geom dt ccm dt J 


However, there appears to be no fundamental reason that the 
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rates of change of elastic strain, R, = (da, /dt)reiax, Must also sat- 
isfy Relation [48]. If they do not for a particular material, 
then, even though the material be incompressible, the Relation 
|47] need not hold for the elastic strain. This is actually the 
case for the simple molecular representation analyzed in Section 
4, and is the reason for the reservation referred to previously.$ 

(ce) Stresses and Strain-Energy Function. For rapidly applied 
geometric strain it is evident from Equation [45] that, since the 
terms (da; /dt)reiax = R; are functions of a, a2, a3, the relative 
effect of relaxation upon the elastic strain becomes small, and 
the resulting elastic strain is nearly equal to the, applied geo- 
metric strain. In the limit of very rapidly applied geometric 
strain the elastic and geometric strains become identical. This 
fact has important theoretical consequences, 

Together with the axiomatic assumption that the stress de- 
pends only upon elastic strain the possibility of coincidence of 
elastic and geometric strain establishes the existence of a strain- 
energy function ¥. This function is equal to the recoverable 
strain energy per unit volume stored up as a result of the action 
of the elastic stresses. As q result of the assumed property of 
isotropy, ¥ depends only upon the principal elastic-strain ratios 
in such a way that its values are unaltered by any interchange of 
1, Go, Ay 

A further result of the possibility of coincidence of elastic and 
geometric strain is that the principle of virtual work ean be 
used to obtain expressions for the stresses in terms of elastic 
strain from the strain-energy function. In such application of 
the principle of virtual work, elastic-strain increments are treated 
as geometric-strain increments. 

It may be recalled that any stress condition at‘a point is 
equivalent to three principal tension (or compression) stresses, 
to be denoted by o, 02, 3, acting across planes normal to the three 
principal stress directions. It is a consequence of the property 
of isotropy that the principal elastic-strain directions and the 
principal stress directions coincide. The zero stress condition 
0, = o2 = a3 = Owill be associated with the elastically unstrained 
condition =az=a; = 1. 

The relation between stresses and strains can be derived from 
the strain-energy function by considering the virtual work done 
on an elemental volume of material during a small virtual de- 
formation specified by elastic strain changes 6a, 5a2, da;. As 
remarked before, elastic-strain changes can be identified with 
geometric-strain changes for the purpose, of applying the prin- 
ciple of virtual work. . 

Consider an element of material in the shape of a rectangular 
parallelepiped with sides normal to the principal strain directions. 
The lengths of the sides of the parallelepiped must remain propor- 
tional to the elastic-strain. ratios in any virtual deformation, and 
can therefore be represented by ale, where Ly, Le, Ls 
are constant lengths. 

On the assumption of isotropy, as defined previously, the stress 
condition is one with principal Stresses o;, 02, ¢3 acting on the 
faces of the parallelepiped, which have been placed normal to the 
principal strain directions. The force on each face of the paral- 
lelepiped, therefore, acts normal to the face. The magnitudes of 
these forces, designated by F,, F2, F3, are equal to the products 
of the stresses and areas of the respective sides, and are 

| 


aja3l, L302 ? 


= 


... [49] 


F; Loos ) 


The parallelepiped and these forces are indicated in the diagram of 
Fig. 2. The work per unit volume 6W done by the forces Fi, F2, 
F, during a virtual displacement corresponding to elastic- (and 
geometric- ) strain changes 5a, dae, da, is 


» 
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Fy + + F 


ow 
o,ba3 
{50} 
as 


The second form of this expression follows from the first by virtue 
of Equations [49]. This work is equal to the change dy in the 


Fig. 2 Forces on an ELEMENT OF VOLUME 


value of the strain-energy function corresponding to the elastic- 
strain changes da;. Thus 


oy 

Both Equations [50] and [51] are valid for any arbitrary values 

of dai, da2, da3; accordingly, the.coefficients of each correspond- 

ing differential in the two expressions must be equal. Thus the 


required stress-strain relations are 5 
oy 
a | 4 


[52] 
} 
oy 
& 
omy | 


In the case of an incompressible material the virtual displace- 
ments must be restricted to those which correspond to no volume 
change, that is, to those for which 

bay baz ba, 
+ — +— (53) 
a a2. as 
It may be noted that in this case a hydrostatic pressure (tension > 
component 


will not cause any virtual work by Equation [50] and correspond- 
ingly, may exist independent of the virtual-work expressions, 
Equation [53]. For incompressible materials the stress-strain 
relation which replaces Equations [52 


= a 
1 p | 

| 

2 = + 54 

ae p> [54] 

= ay + p 


where p is an arbitrary hydrostatic tension which must be deter- 


‘mined by external circumstances. 
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- (d) Recapitulation. A quantitative and mathematical de- 
scription of the stress-strain behavior of a material exhibiting 
large-strain elasticity and stress relaxation has been developed 
from a purely phenomenological viewpoint on the basis of two 
fundamental and axiomatic assumptions. The materials have 
further been’ assumed to be incompressible, and to possess a 
generalized property of isotropy. E 

The description is made in terms of a strain-energy function 
y, and relaxation functions R;, Rs, and R;; each of these func- 
tions is a characteristic function of the principal elastic strains a, 
a@2,a;. The description is quantitatively complete when the values 
of these functions are known. It may be remarked that, as a re- 
sult of the assumed isotropy, when any one of R,, R2, or Rs is 
given, the others follow by interchange of the arguments a, as, 
a;; thus there are in reality only two independent functions to be 
determined, y and (say) A). 

If applications are limited to the case of infinitesimal strains, 
that is, a1, a2, a, differing only by infinitesimals from unity, then 
the functions y and Rk might be replaced by the first terms of their 
Taylor series expansions about the point a; = a2 = a; = 1. This 
approximation leads to the classical Maxwell liquid theory. 

However, when large deformations occur the behavior becomes 
more complex, and the abbreviated Taylor expansions are not 
adequate. It is necessary to use the complete functions or 
something closely resembling them. The functions y and FR are 
properties of a material, and express the characteristics of in- 
ternal structure which govern They 
must be derived, therefore, either from a consideration of the 
internal structure of the materials or from rather extensive em- 
pirical obsefvations or both. 


stress-strain behavior. 


A MoLecutar REPRESENTATION OF MATERIALS EXHIBITING 
LARGE-SrRAIN ELasticrry AND RELAXATION 


(a) Purpose of Molecular Representation. Plausible forms for 
the strain-energy and relaxation relations are to be obtained from 
an analysis of the behavior of a mechanical representation of the 
molecular structure of rubberlike 


formation elasticity, which is characteristic of rubberlike mate- 


materials. The large de- 
rials, is attributed to the bulk properties of highly elongated 
chainlike molecules of which these materials generally consist. 
The molecular representation proposed here is based upon the 
general descriptions given by several authors’ of these molecules. 

This molecular representation is introduced primarily to illus- 
trate the structural significance of the phenomenological con- 
cepts of elastic strain and relaxation which have been introduced 
in the preceding section, Detailed characteristics are not ex- 
pected to be quantitatively realistic, but have been ehosen to a 
large extent to lead to simple and exact mathematical solttions 
for mechanical behavior, However, the analysis of this model 
from an internal structural point of view does implement the 
phenomenological description already given, and the resulting 
forms for the strain-energy and relaxation functions serve as 
starting points for the interpretation of empirical observations, 
and can eventually be refined therefrom. 

(b) Description of Molecular Representation. The molecular 
structure of the materials is represented by a matrix composed of 
a great number of structurally identical, highly elongated, chain- 
like molecules which behave in bulk as though they were embedded 
in an incompressible liquidlike medium. Each of the molecules 
assumes a more or less twisted and folded configuration, and is 
intertwined with numerous neighboring molecules. The whole 
assembly of molecules is in a state of continuous thermal agita- 
tion as a result of which the individual molecules have a certain 


7 See, for example: J. Frenkel, Kinetic Theory of Liquids, Oxford, 
England, 1946, especially Chapter 8. 
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mobility or freedom of movement. This mobility is, however, 
also restrained in some degree by the interlaced configuration of 
the molecules, 

Although, for purposes of visualization, the concept of a sur- 
rounding liquidlike medium in which the elongated molecules 
are embedded will be retained, the actual existence of a physical 
medium is not necessarily implied. The use of the concept may 
be considered merely as a graphic description of certain bulk 
properties of the matrix of intertwined molecules. The speci- 
fic properties attributed to this surrounding “medium” are in- 
compressibility and lack of resistance to change of shape. 

It is assumed that at any particular instant the thermal motion — 
of each individual molecule can be considered as a vibration about 
The only effect of the thermal 
motions upon macroscopic mechanical properties is considered 
to be their statistical effect upon the mobility of the equilibrium 
positions of the molecules. 


a defined position of equilibrium. 


All effects of the equilibrium con- 
figurations of the molecules are assumed to be represented by the 
lengths r between the two end points of each one, and by the di- 
rections of these lengths. The assumed form of this representa-_ 
tion is as follows: The internal force within any molecule as well 
as its force interaction with its surroundings is equivalent to a 
simple tension force f tending to draw its end points together. 
The force f is proportional to the length r, thus 


where K is a characteristic proportionality constant or stiffness 
with the dimensions (force)+(length). The total effect of each 
molecular configuration upon the potential energy of the material — 


is just the internal molecular potential energy of the force, 
Equation [55|. Thus the total potential energy of the material 


arising from molecular configurations is the sum of the con- F 
tributions dW of each individual molecule 7. 
dW = S fdr [56]. 


In any process involving only mechanical deformation the po-_ 
tential energy can be identified with the strain energy. Thus 
in such processes the sum of the contributions, Equation [56], 
for all molecules within a small volume of the material divided 
by the volume gives the value of the strain-energy function ¥ 
for the material within the volume. . 

When the material is deformed, the equilibrium configurations 
of the molecules are assumed to change in accordance with 
the deformation as though their end points floated freely with the 
corresponding motion of the surrounding liquidlike medium. 
The molecular configuration may also change spontaneously 
with time under the sustained action of the forces, Equation 
[55], and also as a result of the random thermal agitation. The 
balance of these changes of molecular configuration, which give _ 
rise to the bulk properties of the material, are treated by the — 
methods of statistical mechanics. 

(c) Statistical Mechanics of Molecular . Representation. 


The 
properties and macroscopic state of a material depend only upon 7 
certain statistical averages of the parameters which describe the 
detailed configurations of the individual molecules. In the per ; 
of the molecular representation now being considered these sta- ‘ 
tistical averages involve only the magnitudes and directions of the 1 
effective molecular lengths, which have been designated by the | ( 
symbol r. 
For purposes of description it is convenient to think of these 
lengths and directions as being represented by vectors extending 


out from the origin of co-ordinates in a “‘phase space. 


directions and lengths of the molecules are thus represented by 
the same vectors in the phase space as they would be represented 
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by in their actual physical positions; in the phase space, how- 
ever, these’ vectors all issue out from the origin of co-ordinates. 
Cartesian co-ordinates in the phase space are designated by z, y,- 
z. The mdlecular léngth vectors‘are, accordingly, represented by 
the points in the phase space at the outer ends of the vectors, or 
by the x, y, 2-co-ofdinates of these points. Thus in phase space 


4 y2 + 22 

"A. statistical description is required of the configurations of 
the molecules within an element of volume of the material which 
is small enough that the macroscopic state, i.e., the stress, strain 
and temperature, may be considered constant throughout, but 
which is‘large enough to contain a very great number, of mole- 
cules. In the phase space the end points of the vectors represent- 
ing the individual molecular configurations will form a “cloud,” 
the density of which describes the distribution of configurations 
over the various possibilities, Quantitative description of this 
cloud of points in the phase Space is afforded by a “distribution 
function” p, which is a function of the phase-space co-ordinates 
z, y, 2, with values such that the fraction of the molecules which 
have phase-space configuration vectors in thé range 


+ Ar | . 
FoNY< Ay>...... [58] 
2< 2 + Az! , 
‘is given by 


yo, 20) Ar Ay Az............ -[59] 


The magnitudes of the increments Ar, Ay, Az in Expressions 
[58] and [59] are understood to be large enough to include a 
representative number of vector end points, yet small enough that 
p is sensibly constant over the range of Expression [58]. . Be- 
cause of the immense number of molecules in even a very srnall 
macroscopic element of material, this requirement should not 
cause any theoretical difficulties. 

An immediate consequence of the.definition of thé distribution 
function p is that it must at all times satisfy the relation ; 


It must also be remarked that, since the statistics of the molecular 
configurations may change with time, p must also be considered a 
function of time ¢ as well as the phase-space co-ordinates 

Let V denote the number of moleculés per unit volume of the 
material; this number is a constant for any particular incom- 
pressible material. On the basis of the assumptions which have 
been made the value of the Strain-energy function is; from 


Equations [56] and [57] 


y= / (x? + y?.+ z? \p dx dy dz... .{61] 


The conditions which govern the variation of the distribution 
function p are now to be set up. Thermal agitation itself causes 
a random change in the directions and magnitudes of the effec- 
tive molecular lengths, that is, in their z, y, z-phase space com- 
ponents. The over-all thermal-agitation effect on the distribu-’ 
tion function is, therefore, represented by the diffusion equation 


dp d% * 
=~ D(— 42%)... 62 


‘ 
in which the constant D is a “diffusion coefficient,” and measures 
the balance between thermal-agitation forces and molecular- 
restraint forces due to intertwining of the molecules, - The physi- 


‘like medium. Except for an arbitrary hydrostatic pressure P 
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* cal dimensions of D are (length)? + (time). For purposes of this 
simplified theory D is considered a constant. 
The effect of the internal molecular tension force, Equation 
{55], acting against the rest rdint of the molecules due to inter- 
-twining, may be represented in the phase space ‘by a central 
attracting force acting upon the cloud of vector points against a 
viscous resistance to movement. The central force will cause an 
inward radial drift of the vector end points with a velocity v, pro- 
. portional to the force; thus 


= = = —uKV/ 2? + [63] 
The coefficient « in this equation has the dimensions (length) + 
(force, X time), and is considered constant. The effect of this 


drift velodity in the phase space upon the distribution function 
is as follows 


Op 1 Oo 
( ) — — ter?} 
ot molecular force * r? Or r? Or 


Op Op. Op Op 
= uk 3 = uk + 3 [64 
+ ») (2% + + ») [64] 


Combination of Equations [62] and [64] by the principle of di- 
rect superposition yields the following differential equation for 
the distribution function p, Which holds in the absence of motion 
due to externally applied deformations 


Oy oy 
The constants D and uA of. this equation are molecular con- 
stants in terms of which the bulk properties eventually will be 
expressed. For the present purposes they may be considered 
merely as constants of the material which might be evaluated 
from experimental observation. 
The equilibrium distribution function po, for which Opo/dt = 0, 
is the solution of the equation formed from Equation [65] by set- 
ting the time derivative dp /d¢ equal to zero. Thus the equation 


+2% +39), ... . 
Oz. 


for po is 
D%o0 .  d%po 2p. Opn 
oy? (: oy ty oy oz 
+ = 0...... [66] 


The solution of Equation [66], which also satisfies condition 
[60], which maybe verified by substitution into these relations, 
is : 


‘i x)? 
where 
D 
ee ro? . [68] 


is a fixed refereace value of the effective molecular length r. 

The distribution function po of Equation [67] represents the 
material in a condition of statistical equilibrium. This function 
is directionally symmetrical so that the cumulative effect of the 
molecular forces, Equation [55], must be hydrostatic tension 
which ‘ean be balanced by the action of the surrounding liquid- 


(see Equations’ [54]), which can have no effect on strain, energy be- 
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cause of the assumed incompressibility of the material, the 
equilibrium distribution function corresponds to the zero stress 
condition, which is also the condition of no elastic strain - 


a = a =a;=1 


A structural representation of elastic strain can be described 
- by means of the distribution function p. Consider a body having 
initially the equilibrium distribution function po to be deformed 
rapidly enough that relaxation effects during the deformation may 
be neglected... Without loss of generality this deformation can be 
considered to correspond with a strain having principal strain 
directions along the co-ordinate axes x, y, z of phase space. The 
strain imposed is arbitrary, except that it must conform to the 
condition of incompressibility 


a, X a2 X ay = 1 


During deformation the end points of the molecules are assumed, 
as stated before, to follow freely the movement of the surrounding 
medium. Thus a molecule which had an effective length vector 
specified by the phase-space co-ordinates x, 4, 2: before the de- 
formation, would have the co-ordinates after the 
deformation, where 


2,’ = | 
= ... [70] 
2’ = 32) 


The distribution function immediately after the deformation is 
obtained by substituting according to Equations {70} the values 
(y'/a2), (2’/as) for z, y, z in Equation [67]. After this 
substitution is made, interest is restricted to the transformed 
. phase-space co-ordinates x’, y’, 2’; therefore the primes may be 
dropped from the notation without confusion. The distribution 
function immediately after the deformation is, accordingly 
1 
= e 


[(2/an)? + (y/ ar)? + + ro? 71] 


The factor a,a2a; has been inserted into Equation [71] in order 
to satisfy formally the Condition [60]; this factor is, by Equation 
[69], equal to unity and so does not change the values of p in 
Equation [71]. 

(d) Determination of Relaxation and Strain-Energy Functions. 
Relaxation effects can now be examined by considering the mate- 
rial to be held by external forces in a deformed state, represented 

‘initially by the distribution function, Equation [71], and the 
principal strain ratios a, a2, a;. The nonequilibrium Equa- 
tion [65] for the distribution function is to be applied starting at 
t = 0 with the distribution function, Equation [71] 

It may be verified by substitution of Equation [71] into Equa- 
tion [65] that the solution for p» under these conditions is a dis- 
tribution function of the same form as Equation [71], but with 
a, a, a3 functions of time governed by the following differential 
relations 


(42) R i 
dt relax 2T 


d 1 
relax az 


dt 


Gt ven 2T a 


where T = 1/(2uK) has the dimension time, and is of the nature 
of the “relaxation” time of the classical Maxwell liquid. 

It can be seen, therefore, that the general solution for the dis- 
tribution function p under any history of external deformation is 
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an expression of the form, Equation [71], where the variables 
a, @2, as change with applied deformations in the same way that 
geometric strain does, and in addition have spontaneous time 
rates of change, or relaxation, given by Equations [72]. The 
variation of a, a2, as is thus governed by conditions of the type 
specified by Equations [45]. 

Substitution of the general distribution function, Equation 
[71], into Equation [61] gives for the strain-energy function y, 
the expression*® 


where G = 1/2(NKro?), and has the dimensions (foree) + 
(length)? of a modulus of elasticity; it corresponds to the shear 
modulus of the classical Maxwell liquid. Thus since the strain- 
energy function has the arguments a, a2, a;, and these variables 
are governed by relations of the form, Equation [45], it is clear 
that these variables are the structural representations of elastic 
strain. 


5 APPLICATION OF THE THEORY TO FLOWS IN CHANNELS AND 
TUBES 

(a) Remarks on Applications. Although the general stress- 

strain behavior of materials exhibiting large strain elasticity with 

relaxation is specified when the strain-energy and relaxation 

functions are known, the application of this specification to de- 


termine flows of materials under particular conditions is in itself 

a difficult task. The general problem is one of extreme com- L 
‘plexity so that reliance must be placed on special techniques 
developed for specific problems. 

As an illustration of the special techniques which may be em- 
pleyed, solutions are presented here for the important cases of 
steady-state flows in long uniform channels of infinite width, and 
in long straight circular tubes. These solutions are based on the 

e observation that in steady-state flows in long tubes or channels, ° 
all particles of the material move in straight lines parallel with 
the tube or channel walls; the flow velocity does not vary in the 
direction of flow, but varies only in a direction normal to the flow. 
Consequently, the flow environment of each particle of the mate- 
rial is a steady-state simple shear parallel with the walls. The 
elastic strain of an element in a steady-state simple shear flow ap- 


proaches a limiting steady value which is determined by equat- 
ing to zero the net change of elastic strain, which is the sum of 
the changes due to change of geometric strain in the flow and that 
due to the relaxation process. This limiting steady elastic strain 
will prevail in the flows within long tubes and channels. 

Thus, in these cases, the stresses can be determined directly 
The flows themselves can be 


in terms of the shearing rate. 
determined from the shearing-rate distributions which satisfy the 
stress-equilibrium conditions. 

The course of these analyses is first indicated for general strain- 
energy and relaxation functions, and then illustrated by numerical 
examples using the following forms for strain-energy function 
and relaxation functions R, 

2G 
+ as" + a") 
R; =< 


where n is a dimensionless cgnstant. These are generalized 


8 The indicated integrations of Equation [61] are carried out with — 
the help of the known definite integrals 


e—(z/a)? dx = f rte—(z/a)? dr = 
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forms of the functions derived in the previous section which ap- 
pear to fit data of the author? rather well with values of n in the 
range 1.1 to 1.5., For n = 2 these functions coincide with those 
of Equations (72| and [73]. The constants G and 7 have the 
same dimensions of an elastic modulus or stress and time, respec- 
tively, as those of Equations [72] and [73], and also have the 
same significance. For infinitesimal strain the Functions [74] for 
any value of n describe a classical Maxwell liquid; these functions 
were set up so that G and 7’ will have their classical significance 
for each value of n. It may be noted that the behaviors spec- 
ified by Equations (74] at infinitesimal strains are independent of 
the value of n. 

The forms of Equations {74] were sugge —— in the course of a 
rather extensive study of the previous data.?- Though these forms 
do fit the data of that reference within the experimental error, 
the data give relatively little information on the relaxation proc- 
ess because relaxation was a comparatively small factor in deter- 
mining the stress at the rapid extension rates of those tests. 
The factor «; in the relaxation functions R; of Equations [74], 
which governs the relaxation rate at large extension ratios, was 
broadly verified by these tests; however, the tests give virtually 
no information on the factor (1 — a;-"), which governs the re- 
laxation rates for low stresses. ‘ 

The strain-energy and relaxation functions, Equations [74], are 
presented, therefore, not as.wholly realistic forms, but as the best 
information available at present upon which to base numerical 
examples. 

Presentation of the’analysis of the data which led to these 
forms will be postponed until the data from further tests, which 
will give information on the relaxation at low stresses, are availa- 
ble. 

(b) Elastic Strain and Stresses in Steady-State Simple Shear 
Flow. Consider a two-dimensional flow referred to plane Car- 
tesian co-ordinates x; and ze, in which the direction of flow at 
every point is parallel to the z,-axis, and the velocity of flow is 
independent of time and of the x,;-co-ordinate. Each particle of 
the material travels along a straight line parallel to the z-axis, 
and is subject to a continuous simple shear deformation at an 
unvarying rate specified by s = (dv,)/(dz2). *The geometrical 
strain relationships for this case have been analyzed in Section 2 
to which reference is made. 

I:xpressions for the rates of change of elastic strain and of the 
angle of the principal elastic strain directions due only to the 
geometric flow are given by Equations [43] and [44]. The net 
changes of these quantities when relaxation effects are included 
are, following relations, Equations [45] and [46] 


d l 

= = 9 Sa; sin 26 + R, 
das 

= Say sin 20 + R, ‘ 
dt 2 

[75] 

da; 

= 
dt : 


dé 8 24 ae x 29 
= cos 
dt 2 a? 


As just described, in the parallel flows being considered, each 
element of the material is subject to a steady-state shearing rate 
s. The values of a, a2, a;, and @ will, therefore, adjust “them- 
selves in a period of time to the steady-state ¢ondition 


dn dn dm @. 
= 
dt dt dt dt 


TRANSACTIONS OF 


which, with Equations [75] yield four equations to determine 
the four quantities which specify the elastic strain as fune tions of 
shearing rate s. 

The principal stresses o), a2, and o3 are then given, for the in- 
compressible case, by Equations [54]. The principal stress ; 
acts in the direction normal to the plane of flow, while o; and o, 
act at an angle @ to the x2,- and 22-axes, respectively , or along the 
and z,-axes in Fig. 1. The in-plane direct stresses and 
acting normal, respectively, tothe x,- and x-axes, and the shear 
stress 7 acting on each of these planes are given by 


1 
ou = (o1°+ o2) + — cos 20 
| 
on = + (o a2) cos 206 [77] 
= — sin 20 


The positions and directions of these stresses are shown in Fig. 

4, 

A principal result of this analysis can be represented by an 
“apparent viscosity for simple shear” y,, which is defined by 


= 1/8. [78| 


Since the shear stress r is a function of s, this apparent viscosity 
is also a function of s. The apparent viscosity thus defined has 
the same dimensions, (force) (time) + (length), as the eco- 
efficient of viscosity of a Newtonian liquid, and has, for the par- 
ticular flows being considered, a similar significance. 

With the forms of Equations [74] for the relaxation functions, 
the conditions, Equations [76] for steady-state shear may be 
written 


= 
= 
79] 
a, = 1 Fi 
— a,” 
cos 26 = 
+ ae 


into which the dimensionless measure of shearing rate S = s7' has 
been introduced. 

The relations, Equations [79], can be solved explicitly for a 
series of ‘values of the dimensionless shearing rate S by assigning 
a set of values to the quantity (nS/2) sin 2¢. Then a and a are 
determined explicitly for the first twe of Equations [79], and @ by 
the last. The results of computations of this kind, and the sub- 
sequent dete ne of stresses and —— viscosity are pre- 
sented in Table 1, for n = 5/4 and 3/2. The apparent viscosi- 
ties are shown aad as functions of the dime nsionless shearing 

rate Sin Fig. 3. 

The case n = 2 allows a very simple analytical solution for the 
stresses. In this case the first two of Equations [79]* may be 
written 

l 


2 = - ; a? = 
1 S sin 26 1 + S Sin 26 


When these expressions are substituted into the last of Equations 
{70}, the results are 


cos 26 = Ssin 26; or cot 2¢=S.... 81} 
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rhe principal stresses, from Equations |54}, are 


Or 
+ 


= Ga;? + p= 


Ga;? + p 1 + cos 20°. Pp | According to Equations [54], the principal stresses for an in- 
: compressible material may be considered to consist of two parts: 
' “a=? } the hydrostatic tension p which is independent of the elastic 


rhe in-plane stresses on the co-ordinate planes, from Equations 


|74] are 
O22. = 2GS?; r=Gs.... {83 ] 

rhe apparent viscosity defined by Equation [78] is, in this spe- - om rT 1 ne% 
cial case, independent of shearing rate, and is equal to G7; this f [n-% 
result is in accord with the Maxwell liquid behavior. . 7 06 ] 7 

(c) Flow in Long Channels of Infinite Width. In a typiéal 2 
steady-state flow at some distance from the entrance or exit of a = 04r — 
long channel with parallel walls and of infinite width, all par- ae eee 
ticles of the flowing material move in parallel straight lines which = = 02+ 4 —_— ——* 
are also parallel with the walls. The flow is symmetrical with - = | 
respect to a plane parallel to and lying midway between the a ~ 00 1 1 7 
channel walls. Since each element of the material is deformed 


in simple shear, acting parallel with the channel walls and in 
the direction of flow, the steady-state stress condition is given in 
terms of shearing rate by the analysis of the preceding subsection. 
The results of that analysis can be used in conjunction with the 


Fic. 3) APPARENT VISCOSITY FOR SIMPLE SHEAR VERSUS SHEARING i> 


stress equilibrium conditions to determine the velocity and stress = 
Let Cartesian co-ordinates z,, 22, 23 be set up in a channel aX —T 
with the z,-axis lying in the mid-plane in the direction of flow, h —|[ |e 
the z-axis in the mid-plane at right angles to the flow, and the | oy : 
Z-axis normal to the channel walls. Let the distance between : Xy 
the channel walls be designated by 2h. The stresses in the plane h FLOW . 
of flow on a typical element of the material are those given by j ——————> 


Equation [77], and are indicated in Fig. 4 which also shows the ITT) 7 ITI TIT, 777, 

co-ordinate system and channel. yyy fy 

The equations of equilibrium for the stresses in the plane of = pyg. 4 Co-OxpinaTes AND STRESSES ON TyPIcaL ELEMENT FoR 
‘flow indicated in Fig. 4 are FLow IN CHANNEL 


TABLE 1 STRESSES AND ELASTIC STRAINS FOR STEADY-STATE SIMPLE SHEAR FLOW 
FOR THE STRAIN ENERGY AND RELAXATION FUNCTIONS OF EQUATION [74] 
S = sT = T(dv)/(dz) * 
6° a G G GT 
0.0 45.0 1.00 1.00 0.0 0.0 1.000 
0.337 35.9 20 0.864 0.21 0.317 0.949 
0.793 26.9 1.51 0.764 0.90 0.615 0.77 
1.613 18.5 2.08 0.687 2.41 0.893 0.553 ’ 
2.383 14.0 2.62 0.654 3.88 1.032 * 0.433 
2.972 11.9 3.03 0.639 5.02 1.107 0.37% 
3.822 9.7 3.62 0.625 6.70 1.191 0.312 
5.165 6 4.56 0.612 9.46 1.291 0.250 
7.660 5.4 6.31 0.598 14.89 1.452 0.186 
9.413 4.5 7.54 0.593 18.93 1.499 0.159 
12.164 3.6 9.48 0.589 25.64 1.598 0.131 
17.313 25 13.13 0.584 39.03 1.738 0.100 
30.982 1.5 _ 22.87 0.579 79 2.004 0.065 - 
45.8+ S° 0.7188 0.574 1.057 & 0.845 X S'/4 0.846 + 
n = 3/2 
0.0 45.0 1.00 1.00 0.0 0.0 1.000 . 
0.277 37.4 1.16 0. 886 0.15 0.268 0.969 
- 0.621 29.6 1.41 0.799 0.65 0.546 0.879 
1.166 21.7 1.84 0.732 1.82 0.858 0.735 . 
1.630 17.5 2.23 - 0.702 3.00 1.048 0.643 
1.966 15.3 2.52 0.689 3.94 1.162 0.591 
2.431 13.0 2.92 0.676 5.32 1.300 0.535 
3.131 10.6 3.54 0.664 7.61 1.478 0.472 
4.357 8.0 4.64 0.652 12.14 1.740 0.399 
5.177 6.9 5.39 0.647 15.52 1.892 0. 366 
6.422 5.6 6.53 0.643 21.12 2.101 0.327 7 
8.617 4.3 8.55 0 639 32.29 2.425 0.281 : 
14.012 2.7 13.57 0.634 65.71 3.077 0.220 
22.516 1.7 21.55 0.632 132.44 3.889 0.173 
38.2+S 0.8408 0.631 1.225 X S9/2°0.817X S'720.817+ 812 
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strain; and the parts (a,0y)/(0«;) which depend only upon the’ 


elastic strain. It will be convenient to consider the stresses 
entering Equations {54], which are given in terms of the principal 
stresses by Equations [77], to be composed of the corresponding 
two parts; thus 


ou = (on — p) + p = fulze) + p 


= (2 — p) + p = + [85] 
= 


The stresses (01; — p), (022 — p), and 7 depend only upon elastic 
strain and therefore, in the present flows, must be functions only 
of the co-ordinate x). This dependence is indicated in Equations 
[85] by the functions fi, and fe of z2 only for (o. — 
p) and (a2. — p), and by writing r = r(z2). Since the partial 
derivatives of fii, foo and t with respect to x, dre zero, use of the 
forms, Equations [85], in the equilibrium relations, Equations 
{84], reduces the latter to 


dr 


= 0 
Ox, dz. 
[86] 
29 
Or dx, 


The second of Equations [86] contains only derivatives with 
respect to 22, and may be integrated at once to give 


= f(21) — {87] 


where f(z,) is an as yet undetermined function of xz; only. Now, 
since r and therefore also (dr)/(dz2) are functions of .2 only, it 
follows from the first of Equations (86 | that (Op)/(dz1) must be 
independent of x. It then follows from the form of p in Equation 
[87] that (Op) (Or,) must be a constant; therefore Equation [87] 
may be written 


p= Cx Po — fre [88 


where po is avconstant of integration. Substitute this result into 
the first of Equations [86], thus 


dr 

— =—C; or r= [89] 
drs . 
Since by symmetry the shear stress on the midplane x =0 must 
be zero, there is no constant of integration in the expression for 
t. Putting these results into the Equations [85], the general 
solution of the equilibrium equations for flow in a channel is 


on = Cx, + Po 
Cx Po — fre [90] 
T = 


As remarked before, fi: and f2. depend only upon x2; thus the 
constant C is the pressure gradient in the.direction of flow. 

The analysis of the steady-state shear conditions of the pre- 
vious subsection has expressed the steady-state shearing rate 
s = (dv,)/(dr2) as a function of the shearing stress r;_ therefore, 
with Equations [90] for the channel flows 


co 


Here s(r) = —s(—r) follows from the necessary odd character 
of the shearing rate-shear stress relations. From the values of s 
the values of elastic strain and the stresses (on — p) = fir and 


(o22 — p) = fo follow from the steady-state shear analysis. 
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-the dimensionless variables 


The velocity distribution over the channel is determined from 
E quations (91 ] by the integration 


= vo + (dv, = vo [92] 


where the constant of integration vo is determined to make 1, = 0 
at the channel wall z. = h. Values of x; in the negative range 
of x2 follow by symmetry. The volume rate of flow per unit width 
of the channel, denoted by q, is determined by a second integra- 
,uon 


0 
The over-all resistance of a material to flow can be expressed 
conveniently by analogy to the flow of a Newtonian liquid. 


For Newtonian liquids the relationship between the volume flow 
rate q, the pressure gradient €, and the viscosity coefficient » is 


An “apparent viscosity coefficient for flow in a channel” n.may 
be defined in terms of the q given by Equation [93] and h and C 
by analogy to Equation [94]; thus 


2h3C 
= ... [95] 
3q 

The solution, Equations [90], is perfectly general for all mate- 
rials of the type considered, and holds in particular for materials 
of which the behavior is specified by the-functions, Equations 
|74]. For these materials the dimensionless shearing rate S = 
sT is a function of the dimensionless stress quantity r/G. It is 
convenient to write Equations [91] in the nowing form for these 

materials . 


The integration specified in Equation [92] is writfen in terms of 


Czy _ Ch 


thus 
H,X [98 | 
); 
where 
o(H, X) = f, — (99) 
_ The integral for the volume output rate q may be written 
q C7 mos [ 
where : 
H 


The apparent viscosity coefficient for flow in a channel js, from 
Equations [95] and [100] 


The dimensionless measure of apparent viscosity »,/(GT) is a 
function of the single variable H, defined by Equations [97]. 
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The dimensionless measure of the volume output rate q7'/h? is 
also a function of H by Equation [100]. Therefore, »,/(GT) is 
a function of q7'/h?, and their relationship characterizes the re- 
sistance to flow of these materials. 

Numerical computations have been made for the case n = 5/4 


using the relationship between S and r/G given in Table 1. The — 


results of these computations are summarized in Table 2, the 
n./(GT) versus qT /h? plot in Fig. 6, and the velocity-distribution 
curyes in Fig. 5. 

Previous data of the euthes" indicate that the constants for 
polyethylene at 300.F are approximately as follows: n = 5/4, 
G = 5 psi, T = 0.1 sec, GT = 0.5 lb sec/in.? = 34,500 poises. 
As an example of an application of the numerical computations, 
the apparent viscosity for flow through a channel of height 0.01 
in., and at a volume rate of 0.025 cu. in. per see per in. width will 
be found. .Thus 


h = 0.005; g7/h? = 0.025 X 0.1/0.000025 = 100 
n./GT = 0.74(qT/h?)-#* = 0.74/31.6 = 0.0234 
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TABI E APPARENT VISCOSITY FOR FLOW IN CHANNELS 


H h? (GT) 

0.0 0.0 1.000 
0.25 0.170 0.979 
0.5 0.372 0.897 
0.75 0.635 0.787 
1.0 1.06 0.631 
1.25 1.85 0.451 
1.5 3.39 0.295 
1.75 6.06 0.193 
2.0 10.3 0.129 

>2 0.65 X10 1.03 + 


= 0.0234 X 34,500 = 810 poises 


Values of this general order were found in measurements on the 
’ extrusion of polyethylene sheet at the Plax Corporation in June, 
1947. 

(d) Flow in Long Circular Tubes. The flow in any radial plane 
of a circular tube caf be referred to z;, 22-co-ordinates as in Fig. 4, 
if x2 is interpreted as the radial co-ordinate, and h the tube radius. 
The stress notation of the previous subsection also can be used 
for the tube flow if o22 is interpreted as radial stress, and o; as 
circumferential stress. In the case of the circular tube the flow 


and stresses are symmetrical with respe ct to the tube axis x), and 


the stress-equilibrium equations are 


Oo}; . Ff 


002 Or O22 — 03 
4+ — + 
Or; T2 


As before, the stresses are represented in the form of Equations 
|85], and it is again noted that 7, fi:, and foo, being functions only 


22) 


of elastic strain, must be dependent only upon the radial co- 
ordinate z.. The derivatives of these quantities with respect to 

*z; vanish, and the opeliioetam Equations [103] may accordingly 
be written 


. 


op 1 d = Cx, + po— F. 
— (xer) = 1 Po 22 
Or; dr, [104] T = —Cx,/2 
Op + 1. d. (2efn) = 0 : a Again po is a constant of integration, and C represents the pres- J 7 
or, Ze dy se sure gradient in the direction of flow. 
_— The relation for the shearing rate s is 
Integration of the second of these equations with respect to x2 
leads to the following form for dv ' Cre 


p= x2) {105} 


: where f(z,) is an as yet undetermined function of x; only, and Fx 


is given by 
Fn = fa + / (106 | 


and is, accordingly, like fx. a function of x, only. 

It is noted as before that the first equation requires that 
(Op)/(0zr,) be independent of 2,, and must, from the form of 
Equation [105], be a constant C. Thus the general solution of 
the stress equilibrium equations for the tube can be written 
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Fic. ne/GT Versus qT /h? por CHANNELS 
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ay, = Cx, + po + fu — Fu 
Ga = Cr, + po + feo — Fre 
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The functions fu, fer, and of in the solution, Equations 
[107] are determined as before to fit the stress condition, which 
follows from the elastic strain corresponding to the shearing rate 
s given by Equation [108]. Equation [92] for the velocity dis- 
tribution is valid in this case if the argument of s is made Cr. 2. 
The volume rate of flow through the tube Q is given by 


Q = 2r f, [100] 


It is again convenient to use the analogy to the flow of a New- 
tonian liquid, this time in a tube, to determine an “apparent 
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= 
viscosity, for flow in a tube” 
sistance to flow of a material. 


ny &S & Measure of the over-all re- 
The formula inthis case is ° 


For materials governed by the functions, Equations [74], the 
dimensionless shearing rate S = sT is a function of r/G; thus ina 
fashion similar to that used in the channel-flow analysis 


ad, (“*) 
= Ss 
2 ‘ 2G 


This equation differs from Equations (96! only by the factor 2 in 
the denominator of the argument of S, which comes from Equa- 
tidns [107] or [108]. In this case it is convenient to introduce 
the variables 


{111] 


The velocity is, , accordingly , given by 


2G 
= — 


where 


The volumeoutput integral Equation ]109] gives 


T 


H’ 
= = o'(H', X')X'dX’.. . [116] 


The expression for the ‘apparent viscosity 7, is found by substi- 
tuting the result, Equation [115], into Equation [110], and is 


[117] 

The dimensionless measure of apparent viscosity n,/(GT) is a 

function of the parameter H’ as is also the dimensionless measure 

of volume output rate G7'/h? of Equation [115]; therefore, 7;/ 

(GT )is a function of QT 

Numerical computations have been made for the case n = 
_ 5/4, and the results are presented in Table 3, and Fig. 7. The 

velocity distributions are qualitatively similar to those shown in 
Fig. 5 for the channels. ‘ 

The viscosity-tube data in Fig. 8 of a report by James Bailey 
and R. W: Canfield’ are tabulated in Table 4, where they are also 
reduced to the form Q7'/h? and »;/(GT) by using values of the 
constants G and 7, which are consistent with the tensile-test 
data of the author.? For values of Q7'/h? above about 0.35, 
there is good agreement of these measured apparent viscosities 
with the theoretical values in Fig. 7; the test points of Table 4 
have been entered on the plot, Fig. 7. However, at very low 
rates of flow — Q7/h® less than 0.3—the measured viscosities are 
somewhat higher than the theoretical values. This diserepancy 

®*Report Covering Tests of Viscosity Tubes-and Side Entrance 
Nozzle Made June 19, 20, and 21, 1944;’’ report prepared for Plax 
Corporation by James Bailey and R. W. Canfield. 
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TABLE 3 APP ARENT VISCOSITY FOR FLOW IN TUBES 


8 
0.88 x 0.9 


TABLE 4 DATA OF FIG. 84 
nt, QT 

in.*/sec poises hs 

Temp. = 437 — 440 F; G = 4 psi 

T = 0.3 sec; GT = 83000 poises 


VISCOSITY TUBE 
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- 350 F; G = 20 psi 


Temp 
i ; GT = 415000 poises 
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may be attributed to ‘the factor (1 — a;~") of the relaxation 
functions in Equations [74], which, as remarked before, affect 
the apparent viscosity at low flow rates. This factor has not 


-been, substantiated by the previous tests* for the reasons dis- 


cussed at the beginning of Sevtion 5. 
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Discussion 


James Battery.” On the subject matter of, this paper the 
writer will confine his remarks to reasons why his company felt 
that a mathematical investigation of the flow of commercially 
used plastics was necessary 
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LORING—THEORY OF THE MECHANICAL 


Preliminary experiments consisted of measuring the pres- 
sure drop through dies, tubes, screen packs, and various com- 
mercial apparatus, together with temperature and volume of 
material per unit of time. These data were analyzed mathe-. 
matically, using the laws of pure viscous flow, and it was found 
that the computed viscosity varied over a very wide range. 

These experiments were followed by experiments using es- 
pecially large viscosity tubes having inside bores of '/2, 4/4 and 1 
in., and a length of 14 in. The tubes were equipped with a back- 
pressure valve at the outlet and four pressure gages arranged 
along their length. The computed viscosity was found to vary 
over a range of 17 to 1, when the output varied from a few pounds 
per hour to 60 Ib per hr at the same temperature. Over-all back 
“pressure had no practical effect. 

In other experiments, frictional effects, heating effects due to 
the internal work necessary to maintain the flow, and a relaxa- 
.tion effect at the exit of dies were noted. Tests using a rapid 
stretching apparatus at controlled temperature showed similar 
behavior. 

“All of these effects presented so complicated a picture that it 
was felt correlation would be possible only by a mathematical 
procedure, 


PROPERTIES OF HOT PLASTICS 


AvuTHor’s CLOSURE 

To supplement Mr. Bailey’s remarks on the origin of the 
studies reported in the paper the writer can add a few remarks on 
applications and future developments. 

In the continuous blowing up of extruded thin-walled poly- 
ethylene tubing with internal pressure, a characteristic configura- 
tion of tube diameter often oocurs wherein the tube diameter first 
decreases, and finally increases as it is drawn away from the die. 
This behavior is qualitatively inexplicable in terms of simple vis- 
cous flow theory, but is prédicted according to the proposed flow 
theory. 

Charts of pressure drop in channels and tubes of various sizes 
for varying flow rates and temperatures of several materials 
have been prepared on the basis of the results of section 5 of the 
paper, and are useful in design of equipment. Studies are also 
planned on the pressure-development characteristic in the 
melting section of extruder screws by use of the theory. 

Further experimental and theoretical work is expected to 
improve the quantitative representation of the properties of spe- 
cific materials, particularly with respect to variations with tem- 
perature and flow rate; work with molecular representations ap- 
pears promising in this respect. 
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By C. A. MEYE 


The purpose of this paper is to present a method which 
enables a prediction of flight performance of a jet engine 
from data obtainable in the test cell. The range of flight 
performance obtained by the méthod is of course limited 
The 


method is also useful in comparing static tests with flight 


by the operating range covered in the static tests. 
or wind-tunnel data. A curve is also presented which is 
generally useful in the solution of many flow problems. 


NOMENCLATURE 
The following nomenclature is used in this paper: 


= exhaust-nozzle area | 
a = acoustic velocity 
c = gas velocity 

specific heats, and constant pressute and volume 
diameter 
thrust, net thrust 
acceleration due to gravity, 
mechanical equivalent of heat 778.26 ft-lb Btu 
ratio of specific heats (c,/c,) 5 : 
rotational speed 

= static and total pressures 

= standard sea-level pressure 
gas constant 
static and total absolute temperatures 
standard sea-level temperature 7] 
air speed 
weight rate of air, and fuel flow 
relative absolute pressures, Pam /Po, ‘Pte 

= relative absolute temperatures, T'am/T'o, 1 
subscripts referring to stations > 
subsciipt for ambient 


INTRODUCTION 


Since the advent .of jet -propulsion, flight-performance figures 
of jet engines have been required by airframe builders in order 
that they could make’suitable estimates of performance of pro- 
posed airplanes. This need for information was first met by the 
engine builders by supplying calculated estimates. These calcu- 
lated estimates of engine pe srformance were obtained by the fol- 
lowing: 


1 Testing or estimating the performance of the component 
parts of the engine, such as the compressor, burner, turbine, and 
exhaust nozzle; 

2 Combining by means of calculations the performance of 
the components to obtain the over-all performance of the jet 
engine for various flight speeds, altitudes, rotational speeds, and 


' Thermodynamics Section Engineer, Aviation Gas Turhine Divi- 
sion, Westinghouse Electric Corporation. Jun. ASME. 

Contributed by the Oil and Gas Power and Aviation Divisions and 
presented at the Annual Meeting, New York, N. Y., November 26- 
29, 1945, of Toe AMERICAN oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their- authors and not those 
of the Society. : 


natsapeniemn of Static Tests to Pr 
Ope ‘ation of Jet Engines in Flight 
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exhaust-nozzle sizes." Later, when jet engines actually were being 
tested, it became possible to obtain a better estimate of flight 
performance based on test-cell data rather than by combining the 
estimated or tested performance of the components. 

This paper describes a method of carrying out such an estimate. 

The curve, Fig. 1, which in this paper is used to carry out the 
calculations, will be found to be generally useful in the solution of 
various flow problems. 


Jet-Moror PERFORMANCE 


The static performance of any given jet engine can be repre- 
sented by the following relations: 


A function of 
6:2), 


a 


A func tion of 


W, 


.A function of ( 
b2V 


The proof of the foregoing relations can be found by means of 
dimensional analysis of the jet engine. 

As an example, the Relation [3] is developed in Appendix 1. 

The Relations [1] through [5] give, respectively, the corrected 
top temperature, the thrust, the air flow, the fuel flow, and the 
exhaust-nozzle ‘pressure ratio, in terms of the corrected rotational 
speed, and the exhaust-nozzle area taken as independent varia- 
It should be noticed that the various quantities given in 
the Relations [1] through [5] are corrected to the conditions 


bles. 


.(total pressure and total temperature) at inlet to the compressor. 


In this way the performance is given independent of the inlet- 
duct losses. Where the inlet-duct losses are negligible, this is the 
same as correcting the quantities to the ambient static pressure 
and temperature, since in this case the total pressure and tem- 
perature at the compressor inlet are respectively equal to the 
ambient static temperature and pressure. 

Where it is desired to present the engine performance, including 
an inlet duct having finite losses, the quantities should be cor- 
rected to the ambient conditions. 

Another very useful method of presenting jet-engine perform- 
ance is to consider the engine to be a ‘‘hot-gas generator.”’ This 
method simply presents the performance of the engine exclusive 
of inlet ducting and exhaust nozzle. 

The combination of compressor, burner, and turbine is assumed 
to generate or supply a quantity of hot gases at a pressure above 
atmospheric. ‘In the normal jet engine the hot gases are ex- 
panded in a nozzle to produce thrust. 
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OF AIR IN NOZZLES 


BASED ON “GAS TABLES" BY KEENAN AND KAYE, MAY 1846 
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Fig. 1 or- Air tN Nozz_es 


If we analyze only the-combination of compressor, burner, and — of a jet engine. Once this performance is determined,-it can be * 
turbine, we ffnd we can present the performance as follows:, combined with the characteristics of the inlet ducting and those of 


the exhaust nozzle to give the over-all performance of the engine. 


27,\V 


. Let us assume we dre testing a given jet engine, and during the 
T . tést we arrange by means of an evacuating device to reduee the 
=) O...... back pressure (P.;) below atmosphere, and at the same tame we 
’ : reduce the exhaust-nozzle area so ds to maintain the same condi- 

7” : tions after the turbine (at point 5). The jet engine would now be 

(7) ( ) ....... Operating under conditions which are-similar to those in flight, 


+2 V On because the total pressure at the compressor inlet will be greater 


A function of Tue Ex Meruop 


A function of 


than the static pressure at the outlet of the exhaust nozzle. 

Ww Tu n > since the conditions : exit ine were 

= 19) Furthe rmore, since the conditions at the exit of the turbine were 
V 61 512), \ 927, \V Oe maintained constant, (p/pe) = const, the internal performance 


of the jet engine would be unchanged by the reduction of back 


These relations give the generated pressure, the generated gas 
temperature, the air flow, and the fuel flow in terms of the 
top temperature and the rotational speed. All values are corrected 

to the compressor-inlet total pressure and temperature. The 

Relations [6] through [9] represent the “internal performance” 


pressure and nozzle size. 
We can now foresee that without performing the foregoing ex- 
periment, it is possible to predict a flight operating condition 


from the static-test data. The flight condition so calculated 


would correspond to a case with a reduced exhaust-nozzle size. - 
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MEYER—E XTRAPOL ATION OF STATIC TESTS 


The method of carrying out such an extrapolation from a static 
test is summarized in the following: 

Let us assume that we have corrected data taken from a single 
static test and represénted by the quantities : 


( n ) ( W, ) 


The subscript 7 represents the tested data while E represents 
extrapolated values. 
(a) Calculate the corrected jet velocity oe the thrust and 


air flow 
Cy We vm) 
V bre 


(6) Assume a reduction in back pressure on the engine. The 
ratio of original to assumed back pressure becomes the flight 
(ram) pressure ratio (P2/Pam), of the extrapolated point so that 
this pressure ratio can, if desired, be chosen to correspond to a 
given flight speed. 

(c) Calculate the isentropic temperature ratio corresponding 
to the foregoing assumed flight (ram) pressure ratio 


(=) 
Pon E Tom E 6am 


(d) To find the required reduction in- nozzle area to maintain 
fixed conditions at point 5, we make use of curve 1, which is ex- 
plained in Appendix 2. It sheuld be noted that since curve | is 
a general working curve, its nomenclature differs from the re- 
mainder of the paper. Enter curve 1 with 

Pr, 
Pw (=) 
and at an assumed exhaust-nozzle efficiency pick off the dimen 
sionless area 


(e) Enter curve 1 again with 


Po Ps T Pam E 
and again pick off the dimensionless area and velocity at the 
assumed nozzle efficiency. 

(f) The ratios of the dimensionless areas and velocities ob- 
tained in (d) and (e) give the required reduction in exhaust-nozzle 
area and increase in jet velocity. By multiplication, we thus 
obtain Ag and (C:/V 62)¢ which are, respectively, the exhaust- 
nozzle area, and the corrected jet velocity for the extrapolated 

point, 
(g) Calculate the flight speed, corrected to atmospheric con- 
ditions, from the flight (ram) pressure ratio assumed under ()) 


V E Pam 


(h) Calculate the rotational speed corrected to atmospheric 
conditions for the extrapolated point using the ram temperature 
ratio under (c) 


_ conditions by extrapolating to smaller exhaust-nozzle areas. 
- ; : If we are interested in performance data for only one value of 
; j : d exhaust-nozzle area, static tests can be run with various exhaust- 
5 A ; nozzle passages which are larger (even diffusing) in size. The 
results can then be extended to flight conditions by extrapolating 

to the desired exhaust-nozzle size. 
Also pick off the dimensionless veloc ity , It is also possible to extrapolate in the reverse direction, in 
W, v/ Wan order to obtain performance with duct losses. Should it be 
. necessary to extend the range to excessively high duct losses or to 


TO PREDICT OPERATION 


( n ) ) (> 
V bam E V T =) 


(i) Calculate the extrapolated net thrust, corrected to atmos- 
pheric conditions from the ram pressure ratio, the air flow, and the 
jet and, flight velocities 


(j) Calculate the corrected air flow 


(k) Calculate the corrected top temperature 


(2), - G2). 
6am E Bam 
Other quantities, such as corrected specific fuel consumption, 
can be determined easily from the a quantities found 
in the foregoing equations. 

In summary, the foregoing calculations have given us the net 
thrust, fuel flow, rotational speed, top temperature, jet velocity, 
and air flow, corresponding to a given corrected flight speed. 
All quantities are corrected to the atmospheric conditions before 

*the engine. 
Discussion 


As a practical application of the method, consider a case in 
which static tests have been run for various exhaust-nozzle 
openings. The results of these tests can be extended to flight 


represent a case where the boundary layer is removed from the 
wings and fed into the inlet duct (greatly reducing the effective 
ram), an actual duct exhibiting such characteristic could be used, 
or even a simulated inlet duct in the form of a fine-mesh screen 
could be placed across the inlet 
Fig. 2 shows the flight range covered by the method This 
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Fie. 2) Extrapotation Rance ror Stranparp Sea-Lever Test 
CONDITIONS 


curve assumes that the static tests are run under standard sea- 
level conditions. As illustrated by this curve, performance can 
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be sbasin d only up to 17,000 ft altitude’ for 600 mph with maxi- This latter relation is restricted to use for a given-size engine, 

mum allowable rotational speed and top temperature. Above (D = const), and neglects variations of k and C, of the working 

this altitude the method will give performance only at reduced fluid. The inlet temperature and pressure are also given as ratios 

rotational speeds and top temperatures. * (62. and 42) to the standard sea-level total pressure and tempera- 
However, if the static tests are run on a day having a tempera- ture, respectively. 

ture less than the standard sea-level value, the limiting altitude 

will be increased accordingly. Likewise, it is possible to have the 
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The quantities appearing in the foregoing relation have dimen- 
. sions and, therefore, are called ‘‘corrected values.’’ They repre- 


jet engine suck its air through a cooling turbine and in that way — sent the tested values under standard sea-level conditions (for fa ad 
reduce the inlet-air temperature considerably below atmospheric. the case without inlet-duct losses), and give more reasonable 
Naturally, this will extend accordingly the range of flight opera- numerical values for plotting test curves. Others have used, for It is no 


tion obtained; for here we are, in effect, extrapolating from a test 
condition corresponding to static altitude rather than static sea 
level. 


instance, the quantity n/‘V T for corrected speed. The numerical 


fatigue st 
values of this quantity for 16,000 rpm and 520 deg R would be 


ciable ext 


222 rpm/ / leg. The inconvenience is apparent. In order 

It should be noted that the following liberties were takén in this : f this sl 

; : : Relation [3] simply states that the air flow for a given corrected ues 

: speed and exhaust-nozzle area is proportional to the compressor- ploying 

1 Neglect of Reynolds-number effects. inlet total pressure (~ 6) and inversely proportional to the two diffe 

2 of the caused by change in the properties of square root of the compressor-inlet total temperature (~ 

on enacifie haat. eanats ste 

ore. if h ided The other relations appearing in “the paper can easily be de- 
veloped in & manner similar to the development of Equation [3]. . 

expansion required by the method. or altera 

the diffe: 
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DEVELOPMENT OF Equation [3] cross sec’ 


Fig. 1 is a working curve which is intended for use in the solu- 


The air mass flow W,/g through any one of several geogmetri- tion of many flow problems. - 
cally similar jet engines depends upon the engine rotational speed Often we are given a problem involving a flow through fl if 
n, the size of the engine represented ‘by any convenient refers channel or nozzle in which an area, a total temperature, and a 
_ ence length D, the adjustable exhaust-nozzle area A, the com- velocity are given at one station, and we are required to find an 
pressor-inlet total pressure P2, the compressor-inlet total tem- area, temperature, or velocity at another station. Gl 
. . . . . . 
perature 72, and the properties of the working fluid (in this case Fig. 1 has been constructed in such a way that areas, velocities, req 
air) R and c,. pressures, Mach numbers, and temperatures along the channel 
A function of 


are given as dimensionless quantities in terms of inlet total pres- 


W be if « ome F sure and temperature or inlet acoustic velocity. All curves are 
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= 0 based upon the properties of’air.as given by Keenan and Kaye 
and are drawn for 2000 deg R and 500 deg R inlet temperature. 
We have in this analysis neglected to include the fluid viscosity For other inlet temperatures, we interpolate ‘between the 
or thermal conductivity. Thus, knowingly, we are neglecting 
Reynolds-number and Prandtl-number effects on the perform- The curve shows the variation of temperature, Mach number, : 
ance. These effects vo be included later when sufficiently accu- . momentum, area, and pressure. X area, with the statie pressure, 
rate test data are available. ; all given as dimensionless quantities. . 

By the methods of dimensional analysis, the foregoing relation 
can be reduced to a new relation between fewer dimensionless 
variables, for instance, a function of 


Thus for fixed total conditions, the ratios of the dimensionless 
velocities at two stations along the nozzle are also the ratio of* 
the velocities. Similarly, the ratios of the dimensionless areas are” 


W ,a2 nD\ A R also the area ratio. 
PwAg D? In the problem used in the extrapelation method of this paper 


we are assuming an extension of the exhaust nozzle with a corre- 
sponding reduction in back pressure so as to leave the conditions 
before the nozzle unaffected. We need only enter the curve with 
= and select a dimensionless velocity and 

an = V gkR1 2 > 
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We have in writing the foregoing relations assumed that the 
working fluid is a perfect gas with an acoustic velocity 
7 area. For, say, a 10 per cent lower back pressure, we need only 
read the curve again with a value of P,/P:, which is 10 per cent 
lower than the original value. The ratios uf dimensionless areas 
and velocities then give, respectively, the required area reduction, 


Rather than use the dimensionless quantities in this relation 
in plotting engine performance, it has been found more conven- 
ient, although somewhat less general, to use the relation ~ 4 Engin 
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and velocity increase. 
A function ; A St. {3] The thrust force on the ch: snnel is also easily calculated as 
V shown on the curve. : 
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The Influence of 


It is not generally known or recognized that the flexural 

fatigue strength of a beam may be influenced to an appre- 
ciable extent by the shape of cross section of the member. 
In order to obtain further information on the magnitude 
of this shape effect, flexural fatigue tests were made em- 
ploying four different shapes of cross section for each of 
two different steels. The results of these tests are com- 
pared and analyzed to clarify or explain some of the shape 
factors that may be of importance in affecting fatigue be- 
havior. It is concluded that variations in residual stress 
or alterations of properties due to method of machining 
the different shapes play only a minor part in affecting 
the limits. The 
localized inelastic action as governed by the .shape of 
cross section and by the presence of “‘sore spots,”’ such as 
outward projecting corners, are tentatively believed to be 
the primary elements leading to the differences noted in 
flexural fatigue strengths. 


relative endurance susceptibility to 


INTRODUCTION 

GREAT deal of data is available in the technical literature 
\ regarding the effects of the geometrical shape on the fatigue 
strength exhibited by a metal member. However, the 
shape factors usually considered by investigators are the abrupt 
changes of cross section which result in greatly reduced fatigue 
strengths due to the high localized stresses developed at a notch, 
fillet, hole, or other change of section. Very little attention has 
been paid to the possible manner,in which the shape of cross sec- 

tion may influence the fatigue properties of a uniform beam. 

In studying the effect of type of testing machine on fatigue 
test results, the ASTM Research Committee on -Fatigue of 
Metals (1)* found that a distinct change in fatigue strength 
seemed to be produced by altering the shape of cross section of a 
test specimen. In vibratory bending fatigue tests “rectangular” 
specimens exhibited fatigue strengths as much as 16 per cent 
lower than the fatigue strength obtained for “round” specimens 
of the same metal. Furthermore, it has been observed that round 
specimens tested in vibratory bending developed endurance limits 
higher than did similar specimens in rotating-beam tests (2, 3).5 

Based on computations of nominal stress by means of elemen- 
tary elastic theory (using the flexure formula), there is little rea- 
son to suspect that the shape of cross section should have any 
influence on the fatigue strength of a member. However, ma- 
terials subjected to repeated stressing do not behave in accord- 
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* Engineering Experiment Station, University of Illinois. 
* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
* Since this paper was written there have been published two arti- 
q cles (11, 12) in which the fatigue data also indicated that rectangu- 
: lar beams were weaker than round beams tested in the same fatigue 
machine. 
Contributed by the Machine Design Division and presented at 
the Annual Meeting, New York, N. Y., November 37—December 2, 
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Shape of Cross Section on 
the Flexural Fatigue Strength of Steel 
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ance with the basic assumptions of the theory of elasticity. One 
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A. 
possible concept advanced to explain this phenomenon of a 
shape effect associates the relative amount of material at peak 
stresses with the propensity toward failure, that is, in a rec- 


.tangular specimen a larger volume of material in the extreme 


fiber is subjected to peak stress than in a round specimen, and 
statistically, there is thus a greater chance for failure to occur. — 
Little data is available to indicate whether factors such as resid- 
ual stress, variations in machining procedure, or structural re- 
adjustments associated with the particular shape of cross section _ 
have a definite influence on the fatigue strength of machine — 
parts in service. 


OBJECT AND Score OF INVESTIGATION 


The purpose of this investigation was to obtain information 
regarding the relative magnitude of the effect of shape of cross 
section on flexural fatigue strength, and to analyze these data in 
an attempt to determine what factors influenced the fatigue be- 
havior when the shape of the critical cross section was altered. 

Flexural fatigue tests were made involving several shapes of 
specimen from each of two different steels. The size of the critical 
cross section in specimens of each metal was maintained as 
nearly constant as possible throughout each series of fatigue 
tests in order to eliminate as far as possible any size effect. 

Four shapes of cross section were chosen for the test, namely, 
square, diamond, round, and a modified diamond. The tech- ’ 
niques of manufacture of each specimen were studied rather criti- 
cally in order to detect any possible changes in surface conditions 
and residual stresses which might arise to alter the fatigue proper- i. 
ties exhibited by a member. - 


MarTerRIALs, Test SPECIMENS, METHOD oF TESTING 
The first series of test specimens were made of Mayari-R (a 
low-alloy structural steel) in a normalized condition and having 
the chemical and mechanical properties listed in Table 1. The 
second series of specimens were made of SAE 4340 steel, quenched 
and tempered to a static tensile strength of approximately 150,000 
psi. The static mechanical properties and chemical analysis of 
this material are listed in Table 2, and a comparison of typical 
tensile stress-strain curves for the two steels is included in Fig. 1. 
These metals were selected for the investigation in order to com- 
pare the results for two steels having widely different mechanical 
strength. It was felt that the higher strength exhibited by the 
SAE 4340 steel would accentuate any shape effects which might be 
observed with the lower strength Mayari-R steel. 

The dimensional details of the flexural-fatigue test specimens 
are shown in Figs. 2 and 3; these were all cut from */,-in-diam bar 
stock; flats were milled on top and bottom to provide gripping 
surface for the testing machine. 

The modifiéd diamond section, Fig. 3(d), was prepared by re- q 
moving from the extreme fiber of the diamond section the opti- 
mum amount to give the theoretically strongest beam. For ex- = 
ample, the section modulus for the diamond shape was 7 


= 0.1178 d* 


in which d ts the width of the side in the diamond section. By — 
removing one eighteentlr of the diagonal depth from both the top 
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and the bottom, the section modulus for the diamond section 
became 


I/c = 0.1243 d? 


*which represents approximately 5'/: per cent‘increasé in elastic 
flexural strength. For the square section (with the neutral axis 
of bending parallel to one face) the section modulus was 


= 0.1667 


in Which-d represents the length of the side of the square. 

Specimens of all four shapes, Figs. 2 and 3, were formed by 
machining the test séction with longitudinal cuts, using a milling 
cutter having a 3-in. radius. A set of specimens of SAE 4340 
steel with the round critical section, Fig. 2(c), was also prepared 
by turning with a single-point tool in a lathe (following the usual 
procedures for rotating-beam specimens), since the results of the 
first tests on round specimens seemed to indicate that a difference 


TABLE 1 CHEMICAL COMPOSITION AND MECHANICAL 
PROPERTIES OF MAYARI-R STEEL 


CHEMICAL CoMROSITION 


Per cent Per cent 
Manganese.......... 0.76 CHROMIUM... 0,67 
0.34 Phosphorus........... 0.096 
MECHANICAL, PROPERTIES” 
Blongation in 2 im., per cent... 
Reduction of area, per cent................ 
Brinell hardness number...................... 
Heat-TREATMENT 
Normalized at 1600 F 
Each value represents the avérage of three tests. 
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might exist between the results obtained from milled and from 
turned surfaces. 

All round specimens were polished by means of emery paper 
wrapped around a rotating cylindrical bar which was moved 
slowly along the specimen by hand while the specirhen was turn- 
ing slowly in a lathe. For successive grades of polishing paper the 
direction of rotation of the specimen was revefsed to change 
the direction of abrasive scratches; . the final polishing scratches 
were parallel to the longitudinal axis of the specimen. All other 
specimens were polished by hand with scratches from successive 


‘papers being generated at right angles and finishing with a longi- 


tudihal motion with No. 2/0 paper slushed with machine oil. 

All fatigue specimens were subjected ‘to completely reversed 
eyeles of flexural stress in Krouse plate-fatigue machines. In 
operation of thése machines one end of the specimen is clamped 
rigidly in a vise B; and the other end is reciprocated vertically 
by means of a connecting rod and eccentric crank mechanism, 


2 CHEMICAL COMPOSITION AND MECHANICAL 


TABLE 
, PROPERTIES OF SAE 4340 STEEL 
Cuemicat Composition 
Per cent Percent 
Manganese............ 0.66 1.72 
Phosphorus.......... 0.012 Molybdenum.......°... 0.35 
0.018 
Upper yield point, psi..... 137500 
Elongation in 2 im., per COMb. 20.9 


Reduction of area, per Cent... .... 62.0 
Brinell hardness number... 


Heat-TREATMENT 
Quenched in oil frdm 1525 F, terhpered at 1150 F, cooled in air 


* Each value represents the average of five tests. 
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6 
(c) ROUND SPECIMEN 


DIMENSION SAE 4340 MAYARI-R 
d - 032 040 
b 5% 
L 
Fic 2 SPECIMEN FOR CANTILEVER BENDING MacHINE 
NEUTRAL 
AXIS 
. wo 
4: 1667 ¢° + = 0982 
(a) SQUARE SECTION \ (b) ROUND SECTION 


= 178 4 = 1243 4° 


(c) DIAMOND SECTION, (d) MODIFIED DIAMOND SECTION 


Fic. 3. Various Cross Sections Usep 1x Tests 

Fig. 4. A dead weight required te produce the desired stress in 
the critical.section 8, is applied to the piri P, in the clamp C, 
with the connecting rod 
position. 


AP disconnected and swung out of 
The deflection is noted on the dial indicator D, for 
both upward and downward loads of the desired amount. The 
connecting rod AP is then coupled (as shown in Fig. 4), and the 
eccentric cam A adjusted to provide the same deflections of the 
dial indicator. For each revolution of the motor a completely 
reversed ‘cycle of end deflection of the specimen is applied. 

In order to check the stability and accuracy with which maxi- 
mum stresses were reproduced throughout the duration of a test, 
the machines were stopped periodically and a recheck made of 
.the deflection corresponding to the desired dead weight. - 


IF CROSS SECTION, 


FLEXURAL FATIGUE 


STRENGTH OF STEEL 


Krouse Testisc Macuint 


RESULTS OF THE INVESTIGATION 


The results of the fatigue tests on Mayari-R and SAE 4340 
steels are plotted in the form of S-N diagrams in Figs. 5, 6, and 7. , 
A summary of the fatigue limits obtained for these four shapes of 

It will 
noted that for each steel the round specimens exhibited fatigue 
limits appreciably greater than those obtained for the other three 
shapes tested. By utilizing the strength of the round specimens 
of each material as a ‘“‘par” value, the relative fatigue limits for 
the various shapes of specimen are compared in the last two 
columns of Table 3. These ratios indicate that for either steel — 
the general trend of decreasing endurance limits was in the 
following order: (a) round; (6) diamond; (c) modified diamond | 
and square. 

A comparison of the endurance limits for the square and the 
modified diamond cross sections reveals the fact that their 
strengths were almost the same, and that their relative order of 
strength was reversed when comparison is made between the tests” 
on the two different steels. Thus it may be inferred that there 
was little, if any, difference between the strengths exhibited by 
the square and the modified diamond beams. 


cross section is given in Table 3, for the two steels. 


Possible Factors Contributing to a Shape Effect for Beams. In_ 
seeking an explanation for these apparently paradoxical differ- 
ences in fatigue strength, the following concepts have been re-- 
viewed in a search for a possible explanation: 


1 From a statistical viewpoint, the relative amount of ma- 
terial subjected to stresses greater than a certain percentage of | 
the peak stress may influence the initiation of failure. 

2 Possible regions of stress concentration or ‘‘sore spots,” 
or the presence of highly stressed fibers that lack lateral support. 

3 The presence of varying amounts of residual stresses in the 
various shapes which may be altered by the differences in manu- 
facturing operations or processing. 

4 Alterations in the mechanical properties of the surface — 
fibers caused by differences in the amount of cold-working in the 
machining operations (and not entirely removed by polishing). 

5 The effect of the shape of cross section in controlling the — 
relative extent of “localized” inelastic action occurring on the 
extreme fibers of the beam. 


The possible contributions of each of these items to the various — 
differences in fatigue properties as noted in the tests will be dis-_ 


cussed briefly. 


By comparing the relative amount of material subjected to_ 
the peak stress in each of these cross sections and the sore spots 
(possible points of stress concentration), one finds that the round 


shape has a relatively small amount of material at peak stress, 
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Modified Diamond 
Section 


No 


FLEXURAL STRESS, S, in 1000 psi. 


80 
10° 
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Fic.6 Visrarory BenvinG Fatigue Tests or SAE 4340 STeEL oF 
Various Cross SecTIONS 


Fic. 7, (left) NVisrarory Benpinc Fatigue Tests 


or SAE 4340 Street or MiLttep Rounp Cross 
SECTION 


FLEXURAL STRESS, S, (1000 psi) 


i9® 10° 10° 
CYCLES FOR FRACTURE, N 
O> Indicates specimen did not fail 
TABLE 3 INFLUENCE OF SHA PE OF CROSS SECTION ON 
FLEXURAL FATIGUE STRENGTH 
(Cc ompletely Reversed Cycles of Stress) 
Test Resutts ror Mayart- R Sectuens 
Ratio Per cent reduc- 
Fatigue of fatigue _ tion in strength 
i ae limit, limit to that (based on round 
Specimen shape a of round specimen) 
Round (turned)? .. O- 
Square (milled)... 0.92. 


Diamond (milled) 48 0.96 4 
Modified diamond (milled)... . 0.88 12 


Test ror SAE 4340 Sree. Specimens 


Round 

Round (milled). 

Square 

Diamond (milled) 

Modified diamond (milled). . 


* Method of machining. 


and dees not contain sharp corners which may result in localized 
stresses due to outward projecting fins, or from nicks or scratches 
crossing the. sharp corners. On the other hand, the diamond 
shape, with the minimum amount of material at peak stress, has 
one sharp coffer which comprises the extreme fiber. This corner 
may lead to sore spots from which failure may initiate for two 
reasons, namely, (a) it is impossible to produce a sharp corner 
without some small intersecting scratches which may be effective 
as stress raisers, and (b) the outward projection is entirely un- 
supported except for the thin layer of metal below it, which in 
turn is rather highly stressed. .Therefore this unsupported edge 
may be subjected to a localized buckling action during the com- 
pressive portion of a stress cycle. On this basis it seems reasona- 
ble that round specimens might develop a higher fatigue limit 
than those of diamond shape or other types with sharp corners. 

In.order to facilitate comparison of the relative amounts of 
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material in the extreme fibers of these various shapes, the data‘in 
Fig. 8 are of interest. The ordinates in this figure indicate the 
depth in inches below the test surface for each type of specimen, 
and the abscissas represent the corresponding cross-sectional area 
lying between the extreme fiber and that depth. It is reasona- 
ble to presume that the failure is initiated in the outer fibers of 
the specimen at a depth.not greater than about 0.004 in. For 
depths less than this amount the square shape has the greatest 
amount of material at peak stress; the order of decreasing magni- 
tude (for amount of material at peak stress) for the other shapes 
has the following sequence: modified diamond, round, and dia- 
mond. Thus, by comparison with Table 3, the fatigue strength 
varies in a general manner inversely as the amount of material 
at peak stress. 

In opposition to the thought that the amount of material at 
peak stress controls the fatigue limit, there are two instances in 
these tests for which the reverse tendency appeared, namely, (a) 
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the round specimens exhibited a higher endurance limit than 
the diamond shape, and (6) the fatigue limits for the square beams 
and for the modified diamond beams were practically the same, 
in spite of the fact that there was an appreciable difference in the 
volume of metal exposed to the peak stresses (in the extreme 
fibers) for these latter two shapes. It should also be kept in mind 
that both the modified diamond section and the square section 
have two sharp corners projecting outward from which failure 
may be initiated. The exact stress (including residual stresses) 
in the region of the corner of any of these shapes is unknown and 
difficult to evaluate, but it seems reasonable to assume that any 
abrupt change in shape may leave protruding fibers that may ini- 
tiate fracture in these regions. 

Metallographic examinations of the different specimens indi- 
cated that the diamond and modified diamond shapes did not 
have true sharp corners with flat plane faces. These projecting 
corners were found to have been rounded slightly in polishing, 


. but this was desirable in order to remove any sharp fins of frag- 


merted material’ The cutting operations and cold-working in- 
volved in the machining of any specimen develop unknown 
amounts of residual stress in the surface layers which may be 
either of a macro (large-scale) or of a micro (small-scale) nature. 
In polishing a fatigue specimen, the removal of sufficient surface 
layers will redyce the surface residual stresses (4). However, no 
suitable methods exist today for measuring these residual stresses 
or of determining whether they have been removed. 

A series of micro-indent (Knoop) hardness surveys were made 
on a number of test specimens to detect any hardness variations 
(strain-hardening) which might be a clue to the presence of (ac- 
companying) residual stresses. Specimens with outward project- 
ing corners might be particularly susceptible to the alteration of 
their physical properties by cold-working (and also to the de- 
velopment of residual stresses) owing to the fact that the pres- 
sures of cutting tools were applied in two different directions to 
the protruding corners. For the round specimens, conversely, this 
condition would: not exist during the machining operations. 

The microhardness surveys were made on transverse cross 
sections with particular attention being given to the material near 
the surface. However, the Knoop hardness values plotted in 
Figs. 9, 10, and 11 do not indicate any consistent increase in 
hardness near the surface. Only a small amount of material is 
examined at any one indent and hence random variations are 
to be expected. : 

The upper shaded area in Fig. 9 indicates the range of hardness 
found in pearlitic areas in the Mayari-R steel, and the lower 
shaded area shows the smaller spread of lower hardness found 


in ferrite grains or colonies of grains. This is in line with pre- 
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vious observations that hardness will vary within a material, 
between different crystals, and also with different.orientations and 
locations within the crystal itself (5). It will be noted that the 
variations in hardness from the center to the test surface fall en- 
tirely between these two bands and’show no abnormal increase 
in the hardness of.the surface crystals. . 

In Fig. 10 is shown a comparison of hardness surveys obtained 
on round SAF 4340 steel specimens produced by milling and pro- 
duced by turning in a lathe. No correlation seemed to exist be- 
tween the minor variations in hardness, and the differences in 
machining procedure used to form the specimen. - In Fig. 11 
three parallel surveys of hardness values from the outer surface 
to the center of a round milled specimen of SAE 4340 steel are 
plotted. Nevertheless, the random or erratic variations in hard- 
ness at each station fall within a fairly consistent band but exhibit 
no definite change in hardness of surface layers as compared with 
the material below the surface. Metallographic examination of 
the edges of transverse sections cut from the critical sections of 
several specimens did not show visual evidence of appreciable 
plastic deformation remaining from the machining operations. 
Thus it was felt that no plausible explanations for this shape 
effect in fatigue could be based on hardness variations or:the 
presence of residual stresses resulting from cold-working in 
machining. 

Tentative Explanation for Influence of Shape of Cross Section. 
Several investigators in recent years have supported the hy- 
pothesis that initial plastic yield under static loads occurs at‘a 
higher stress when a stress gradient exists (as in a beam) than the 
yield point for the same metal, when subjectéd to a uniformly 
distributed stress. Based on this assumption, it has been sug- 
gested (8) that a shape factor exists for the determination of 
_ yield strength in static flexural tests. However, further evidence 
indicates (9, 10) that the stress at which general vielding occurs 
in the extreme fibers of a beam is the same as that for the same 
metal under a uniform tensile stress, that is, the yield stress is 
not modified by the presence of a stress gradient. 
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The extent to which gemeral plastic deformation progresses 
into a beam at loads above that which initiates yielding is, how- 
ever, a function of the shape of the beam, Fig. 12. It is therefore 
probable that the microscopic, heterogeneously distributed in- 
elastic actions that accompany the development of progressive 
fracture may likewise be influenced to some extent by the shape 
of cross section (or distribution of metal in the most highly 
stressed regions of a beam). 

As evidence of variations in inelastic action at stresses above the 
yield point, Fig: 12 illustrates the theoretical curve’of Morkovin 
and Sidebottom (10), in which the ordinates represent the ratio 
of the actual bending moment on the beam to the bending mo- 
ment required to initiate yielding, and the abscissas represent the 
ratio.of strain on the extreme fiber to the strain corresponding to 
the yield point. These curves are applicable to beams made of 
material with an abrupt yield point (horizontal tangent to the 
stress-strain curve at the yield point). : 

It will be observed that beams with the snrallest amount of 


material on the extréme fiber (at peak stress) exhibit the smallest: 


departure from linearity of load to strain for loading conditions 
above the yield point. However, the inelastic behavior of the 
metal is modified to some extent for materials which exhibit an 
upper yield point (as well as a lower yield point) in a static tensile 
test. 

This modified behavior for a beam made of material having an 
upper yield point is illustrated by the curves in Fig. 13 in‘ which 


the co-ordinates again represent ratios of the bending rhoment. 


and strain, respectively, to the corresponding values at the lower 
yield point. The normal behavior for a beam ‘without stress 
-raisers” would be to follow the linear relationship of moment to 
strain along the line OAC with no yielding until the load corres- 
ponding to the point B (upper yield point) is reached. Initial 
yielding corresponding to the conditions represented at point B 
creates a plastic wedge which acts as a stres$ raiser and leads to 
further propagation of yielding. . Thus a condition of instability 
is created, and further yielding will progress at stresses equal to 
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the lower yield point of the material under constant loads as rep- 
resented by the horizontal line CD, Fig. 13. However, the mag- 
nitude of the upper yield point exhibited by the material is con- 
trolled by the severity of the localized stresses present which 
arise from inherent stress raisers, inclusions, surface irregularities, 
and method of loading. It would be possible for the same beam 
with stress raisers (such as a roughened surface) to follow the 
moment-strain curve OAFD, or any intermediate curve between 
lines ACBD and AFD, Initial yielding will start at the point A, 
corresponding to the lower yield point of the material, if the 
stress concentration is sufficiently acute. 

Morkovin and Sidebottom also reported that outward project- 
ing corners on a beam acted as nuclei from which localized plastic 
vielding branched out or was reflected along diagonal lines in the 
outer surfaces of the beam. No similar concentrations of strain 
or branching of plastic zones was observed for round specimens. 

At first hand it may be difficult to visualize how the foregoing 
discugsion applies to the actions progressing in fatigue tests in 
which the “nominal” computed stresses are considerably below 
the yield point of the material. However, it is obvious that 
the nominal stresses do not give a true index of the actual “local- 
ized stresses’ developed by the individual crystals which are re- 
sisting the external loading. In a polycrystalline material, the 
nominal stress represents only the statistical average; the dis- 
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tribution of stresses on individual crystals will vary over a 
wide range above and below the nominal computed stress, 
It is highly probable that a number of the crystals in the surface 
fibers may either be favorably oriented for inelastic action or 
subjected to localized high levels of stress with corresponding 
strain conditions equivalent to the upper portions of the curves 
in Figs. 12 and 13. Thus localized inelastic actions progressing 
on a microscopic scale may in turn be influenced by the shape of 
cross section of the beam. 

One might postulate, therefore, that a certain proportion of the 
crystals could be strained by an amount equivalent to that 
shown by the vertical line CC in Fig. 12. If it be assumed, as 
has been done by Orowan (6), that the mechanism leading to 
fatigue fracture is related to a critical amount of localized inelastic 
deformation, the line CC may be used as representative of a 
criterion for fatigue failure, and corresponds to the strain condi- 
tion in localized crystals of the beam when repeatedly stressed at 
the endurance limit of the member. 

By applying these observations to the present fatigue tests, it 
appears probable as a tentative hypothesis that the shape effects 
as noted in Fig. 12, were of influence in controlling the localized 
plastic actions, but since the materials employed in the fatigue 
tests had upper yield points, the modification in action portrayed 
in Fig. 13 must also be taken into consideration. Based upon 
these two concepts, the round beams which have little tendency 
to propagate appreciable inelastic action and which also have no 
stress raiser of geometric origin on the extreme fiber, should have 
exhibited the highest fatigue strength. 

The diamond shape normally would resist somewhat greater 
static loads without a corresponding amount of inelastic action 
if the material did not display an upper yield point. However, 
for material exhibiting an upper yield point the fatigue limit 
probably was lowered by the stress-raising effect of the outward 


tendency for this sharp corner to act as a nucleus for the spread 
and reflection of slip. By following this comparison further, the 
modified diamond shape should be somewhat stronger than the 
rectangle, but somewhat weaker than the circle and diamond. 


projecting corner (promoting inelastic action), and by the +4 


senting the circular cross section. It also has two outward pro- 
jecting corners which would make it behave in a manner struc- 


A load-strain diagram for the modified diamond shape (if 
added to Fig. 12), would fall somewhere between the diamond i 
and the square shape, probably slightly below that curve repre- 


turally equivalent to that of the square shape. 
On the basis of this reasoning, it appears logical to expect 
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actions exceed a certain level. 


that beams having different shapes of cross section should exhibit 
different fatigue strengths; the relative magnitudes of the en- 
durance limit for each shape cannot be predicted accurately 
by any simple formula. In addition to the actual shape of cross 
section, several other strength factors influencing the fatigue 
limit might include: (a) the ratio of yield point to ultimate 
strength; (b) some parameter expressing the shape of the stress- 
strain curve in the region of the yield point, and (c) a considera- 
tion of whether the material exhibits an upper yield point. 

In the foregoing explanation the tacit assumption has been 
made that localized inelastic action on a microscale induced by 
repeated stressing in the surface fibers contributes to fatigue 
damage, and that fracture results when these localized plastic 
While these assumptions are not 
susceptible to direct proof, there exists a great deal of experi- 
mental evidence that fatigue fracture is preceded or accompanied 
by plastic slip. This may be considered an indication that in- 
elastic action due to repeated stressing is damaging in fatigue. 
The concepts of fatigue failure, outlined by Freudenthal and 
Dolan (7), also emphasize the fact that the first stage of failure in 
fatigue is that of crystal fragmentation (inelastic action) on a sub- 
microscopic scale. 


476 


CONCLUSIONS - 


* Laboratory studies indicated that the flexural fatigue strength 
of a member was influenced to an appreciable extent by the shape 
of cross section; steel beams of circulaf cross section exhibited 
fatigue limits 8 to 10 per cent greater than the fatigue limits 
of beams of square cross section. Beams having a diamond cross 
section (square beams stressed with the neutral axis as a diagonal 
of the diamond) exhibited endurance limits from 4 to 8 per cent 
less than the round beams. 

The susceptibility to localized inelastic action, as governed by 
the shape of cross section and by the presence of sore spots, 
such as outward projecting corners, is tentatively believed to be 
the primary element leading to the reduction of fatigue strength 
of the square and diamond shapes to values below that for the 
round. While the other factors (residual stresses, alterations of 
properties due to machining, and statistical aspects of the amount 
of material subjected to peak stress) may have been of some in- 
fluence in these tests, it is felt that their effect on the fatigue 
strengths of beams of the shapes studied were of a minor nature. 
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Discussion 


P. K. Roos.’ The authors point out that independent in- 
vestigators have also reached the conclusion that rectangular 
beams are weaker than round beams when tested in the same 
fatigue machine. For the reader’s convenience, the comparable 
data in reference (12), one such investigation, is summarized: 
the material tested was an SAE 4340 steel with a yield point of 
107,000 psi and an ultimate strength of 127,000 psi; the machine 
was a Sonntag universal fatigue testing machine which tested 
specimens in pure reversed plane bending at 1800 reversals a 
minute; the comparable round and flat specimens tested had 
critical depth of beam dimensions of 0.30 in. compared to the 
0.32 in. of the foregoing investigation. 

Using the Dolan, McClow, Craig concept of the fatigue strength 
of the round ‘specimen as a “par’’ of 1.00, the Roos, Lemmon, 
Ransom investigation’ gives a ratio of 0.92 for their flat speci- 
mens as compared to 0:89 for the present square specimen. Since 
the flat specimen had rounded sides, the corners were less severe 
“sore spots”’ than the corners in the square beam 

This thorough investigation certainly justifies the conclusion 
that the shape factor is the primary element leading to a re- 
duction of fatigue strength, and, as immediate help to the de- 
signer, this is important. However, the concept of the statisti- 
cal effect of the amount of material subjected to peak stresses as a 
fundamental part of the fatigue problem needing investigation, 
should not be forgotten. : 


Autuors’ CLosuRE 


The authors wish to thank Professor Roos for-his contribution 
to the discussion of this rather intriguing ‘‘shape efect” in 
flexurg] fatigue tests. 

In spite of the fact that the tests quoted by Professor Roos 
were conducted in a different laboratory, utilizing different types 
of fatigue machines and heat-treatment of material, it is re- 
assuring to know that they obtained a similar reduction in fatigue 
strength of the flat 6r-rectangular specimen as compared with the 
“par” value for a round cross section. 

The seriousness of this shape effect is more dramatically 
emphasized by the pronounced variations in fatigue strength of 
758-T6 aluminum alloy, obtained recently by Oberg and Rooney 


6 Associate, Professor of Engineering Mechanics, The Pennsylvania 
State College, State College, Pa. i 
7 Influence of Type of Machine, Range of Speed, and Specimen 
Shape on Fatigue Test Date,” by P. K. Roos, D. C. Lemmon, and 
J.T. Ransom; ASTM Bulletin, No. 158, May, 1949, pp. 63-65. 
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(11). These authors obtained values of 29,000 psi for the en- 
durance limit of a round specimen as compared with 21,000 psi 
for a square specimen, and 17,500 psi for a rectangular specimen 
(whose width was three times the depth). Thus for this alumi- 
num alloy the rectangular specimen exhibited a strength 40 per 
cent less than the par value obtained for a round specimen 
tested in the same machine. Much further work needs to be 
done to appraise the seriousness of (and to enable the designer 
to predict) these shape effects. 

The authors agree that the statistical effect of the amount of 
material subjected to peak stresses is a fundamental part of all 
problems involving strength of materials, which should not be 
neglected in applications to shape effect in fatigue. In the 
present tests, however, the statistical effect evidently was not 


the primary controlling factor, or the strengths of the various 
members tested would have been greatest for the diamond shape, 
next greatest for the round and modified diamond shapes, and 
the square ‘cross section would have been by far the weakest of 
the group. Since the diamond cross section actually proved to 
be somewhat weaker ‘than the round cross section, it was con- 
cluded that other factors of the test condition must have had a 
greater influence on the results than did the statistical effects of 


- amount of material at peak stress. 


The authors hope in the future to be able to conduct similar 
tests on somewhat the same shapes of cross section but with the 
critical section of greater size than in the present investigation, 
which should help to clarify some of our concepts of the factors 
contributing to this shape effect, 
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A study has been made to explain a type of hide-out of 
sodium phosphate in steam boilers operating at about 1700 
psi. This has shown that an insoluble form of a sodium 
phosphate is stable at temperatures above 620 F. This 
type of phosphate is scale-forming and is resistant to heat 
transfer. This sodium phosphate does not have the prop- 
erties corresponding to those of the sodium phosphates 
normally encountered in steam-boiler water. Analyses by 
chemical means, x rays, and petrographic all indicate 
Tests 
indicate that no insoluble potassium phosphate is formed 


that this is a different form of sodium phosphate. 


and, if suitable potassium-to-sodium ratio is maintained, 
this insoluble salt will not form. 


OME difficulty has been experienced in boilers operating at a 

pressure of about 1600 to 1700 psi with loss of phosphate 
This phosphate re- 
appears in solution when the boiler rating or pressure is reduced. 


from solution while on steady load. 


This condition was explained at, first as so-called hide-out of 
phosphate due to conditions of.cireulation. However, a further 
study of the problem indicated that this was not the normal hide- 
out of phosphate. During operation of the boiler the phosphate 
was added continuously along with sodium hydroxide so as to 
keep a residual of about 20-40 ppm as Na;PO, and a pH around 
11. When the boiler rating was reduced, the soluble phosphate 
would increase to around 200-300 ppm, but the free hydroxide 
would be reduced from around 40 ppm to 0 ppm. This loss of 
phosphate with its subsequent reappearance accompanied by the 
loss of hydroxide indicated that it was not hiding-out as tri- 
sodium phosphate, but as a form more on the acid side, like mono 
‘or disodium phosphate. 

After 2 or 3 months of operation, difficulty was experienced in 
These tubes bulged 
Heavy de- 


posits of calcium and sodium phosphate were found on the water 


the boiler because of failures in wall tubes. 
with no indication of corrosion on the water side. 


side of the tube facing the furnace. 

When the boiler pressure was reduced for a short period of 
operation to around 1300 psi, this peculiar type of phosphate hide 
out did not take place. 
sures indicated that there might be a complex sodium phosphate 


The absence of this action at lower pres- 


of low solubility which was forming at the higher temperatures, 
but which was not stable at the lower temperatures. The possi 
bility was considered that the calecium-phosphate sludge adhering 
to the wall surface might increase the temperature under the 
sludge to a point where the insoluble phosphate could form. 
Conditions were such that a complex sodium-calcium phosphate 
deposit alsa might be forming. 


1 Research Professor of Chemical Engineering, University of Illi- 
nois. 

Contributed by the Joint Research Committee on Boiler Feed- 
water Studies and the Power Division and presented at the Annual 
Meeting, New York, N. Y., November 27—December 2, 1949, of THe 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of 
the Society. Paper No. 49-—A-39. 


Hide-Out of Sodium 


in High-Pressure 


Phosphate 


Boilers 


By F. G. STRAUB,' URBANA, ILL. 


LABORATORY INVESTIGATION 


‘A laboratory investigation was undertaken to determine 
whether this reaction could be duplicated, and if so, to study the 
conditions causing the reaction. A small laboratory boiler, as 
shown in Fig. 1, was used. Heating was accomplished by means 
of electric resistance wire wound on the heating tube over a thin 
layer of alundum cement. The tubes were 1 in. ID X 13/s in. 
OD. The wire was wound on the tube for a length of 7in. The 
heat input was approximately 50,000 Btu per sq ft per hr cal- 
culated on the inside area of the tube. In order to secure cir- 
culation in the tube, a smaller tube 0.75 in. OD X 0.68 in. ID was 
This inner tube was placed so that it had 
clearance at the bottom and extended well above the heated area. 

The steam-water mixture traveled up the space between the 
tubes and water traveled down the inside of the inner tube. The 
presence of circulation in this area was indicated by the fact that 
the temperature gradient from the outside of the tube to the 
water in the main part of the boiler remained constant, at a value 
around 30 to 40 F. A thermocouple was peened into the outer 
surface of the heating tube at the center of the tube so as to 
measure the outside temperature of the heating tube. A thermo- 
couple well was placed in the boiler directly above the outlet of 
the water coming from the heating tube into the main water- 
storage section. This is referred to as T; and that of the outside 
of the heating tube as 7». 

The boiler held about 8 liters of water when cold. In order to 
operate at a constant heat input, a fan was directed so as to blow 
air on a bare steel tube on the top of the test boiler. When 
the temperature of the boiler water increased above the desired 
temperature, a temperature controller turned the fan on, and 
when the temperature was too low, it turned the fan off. 
This means of control allowed operation which would return the 
condensed steam without use of a pump. 
removed frem the boiler during the test period, it was not neces- 
sary to have any make-up. The chemicals to be added during 
the test were pumped in solution into the main drum of the 
boiler. 


inserted inside it. 


Since no steam was 


BorLer Tests 


In order to test the boiler a solution of sodium hydroxide (1000 
ppm) in distilled water was added to the boiler. The boiler was 
operated at temperatures from 400 F (250 psi) to 690 F (2900 psi) 
with constant heat input. The temperature drop (7': — 7) 
was 30 F throughout the test and the concentration of so- 
dium hydroxide also remained constant. This indicated that 
the hydroxide was evenly distributed throughout the test and 
that there were no localized spots in which concentration of the 
chemical might take place. 

The inner tube was removed, and the boiler was run with a 
solution of sodium hydroxide, phosphate, and chloride in the 
boiler water. Table 1 gives the data collected during this test. 
After running 2 hr at 500 F, there was but slight temperature in- 
When running at higher tempera- 

- T,), but a marked de- 
At the end of the test the 
heating was stopped and the contents of the boiler removed 


crease of the heating tube. 
tures there was a slight increase of (7) 
crease in all the chemicals in solution. 
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TABLE 1 TEST RUN ON BOILER SHOWN IN FIG. 1, WITH CONSTANT HEAT INPUT AND NO FILLER IN TUBE 
; (7 T; = temperature differential from outside heating tube to water temperature in boiler) 
Boiler Temp Heat Input ‘ 


Time Hours Amps. NaOH PO, NaCl pH 
2 500 35 26 85 498 11.4 


525 42 26 43 820 430 11.4 
26 
26 


550 


610 


610 26 


610 26 


Shut off heat and blow water from boiler while hot. Tube No. 4. 


TABLE 2. TEST RUN ON BOILER SHOWN IN FIG. 1, WITH CONSTANT HEAT INPUT 


(T: T, = temperature differential from outside heating tube to water temperature in boiler) oe 
Time Boi igr Heet Input 
Hours Temo F Ta - T; Amps. NaOH PO, NaCl 


27 


27 


26 


40 26 


480 140 . 218 


110 - 27 


while the boiler and tube were hot. When the tube was re- Table 3 gives the results of a similar test to determine the 
moved and cut in half, a heavy hard deposit was found at the temperature at which the PO, starts to decrease. This test 
lower end of the heated area of the tube with no deposit at indicated that at 600 F there was no change in (72 — 7;), POs, or 
the middle of the tube or above. Since 72 was measured at the NaOH, but at 618 F, (72 — 7;) commenced to increase, with a 
middle of the tube, no appreciable indication of the deposit on loss in PO,, and an increase in NaOH. At 670 F the phosphate 
the inside of the tube was detected. Analyses of this deposit had been reduced from 980 ppm to 40 ppm. The boiler was then 
gave the following results: cooled to.room temperature and reheated to 528 F. The phos 


icraiis phate and the (T; — 7) returned to normal. This indicated 

i a that the sodium-phosphate compound had formed on the heating 

PO. = 60.32 surface at a temperature of 618 F (1750 psi) and above, but had 
Cl= 0.42 redissolved when the boiler was operated at 528 F. : 

Na = 40.16 Another’ test was conducted in which sodium sulphate was 


Total 101.01 added along with the phosphate, hydroxide, and chloride. Table 
4 gives the results ofthis test. The phosphate again began to 
- decrease at 620 F (1790 psi), with an increase in (7; — 7;). No 
-reduction in the chloride occurred throughout the test, but the 
sulphate commenced to decrease at a temperature of 638 F with a 
loss of about 300 ppm at 675 F. When the run was finished, the 
heat was shut off and the contents of the boiler blown out while 
the water was still at the higher temperature. The heating tube 
was removed and cut in half (lengthwise). A deposit of a hard 
gray-white crystalline material was found evenly distributed 
throughout the area of the tube subjected to heat input. No 
deposit was found on the ends of the tubes’‘which were not sub- 
jected to any heat input. . 

About 7.6 grams of this material was present on the heating 


The theoretical composition of NasPO, is 58 per cent PO, and 
42 per cent Na. These results indicate that without the inner 
tube there is very littlé circulation in the tube, and that the steam 
leaving the tube causes the material dissolved in the boiler water 
to concentrate slowly until the solubility point of the salts is 
reached. At this point the insoluble excess salt crystallizes on 
the heating surface near the bottom where the concentration is 
highest. This test indicated that at 610 F, anhydrous trisodium 
phosphate was the stable phosphate. It also indicated that 
insertion of the inner tube aided in establishing circulation of 
boiler water through the heating tube. 

The inner tube was replaced and the boiler was operated 
with a solution of sodium hydroxide, phosphate, and chloride 
in distilled water at temperatures from 380 to 650 F. Table 2 surface. : p pee , 
gives the results of this test. These results show that for water A chemical analyses of this material gave the following results: 


temperatures up to 605 F (1600 psi) there was no appreciable 


Per cent 


change in (7: — 7), or the concentration of the various salts in a 2 Sodium (Na) ....... 31.78 
solution. At 650 F (2200 psi) (72 — increased, accom- Phdsphate (PO,).... 41.08 
panied by a loss of PO,, an increase in NaOH, and no change in Sulphate ae 17.99 
chloride. This indicated the hide-out of a sodium phosphate salt Iron (Fe)........... 0.19 
lower in sodium content than trisodium phosphate. - 91.04 
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TABLE 3) TEST RUN ON BOILER SHOWN IN FIG. 1, WITH CONSTANT HEAT INPUT 
(T:— T, = temperature differential from outside heating tube to water temperature in boiler) 
coiler 
Hours Tempo ° F - T) Heat Input Amps. NaOH PO, NaCl DH 
500 40 177 960 435 11.4, 
- 
5 550 26 171 960 427 11.8 
600 = 26 177, 960 438 
4 
618 67 26 232 780 438 11.3 
628 26 256 680 427, «11.3 
625 85 26 262 670 11.3 
635 95 26 274 427 11.4, 
@ 
635 394 350 427 11.5 
650 262 342-240 427 11.4 
> 
sO 650 120 26 348 270 11.5 
7 650 130 7 26 344 427 «11.4 
7 670 120 25 45 427 «11.4 
98 670 125 26 336 35 427, 
95 670 1250 26 351 40 450 
510 45 26 287 1295 427 11.5 
@ 
528 45 26 207 1250 427 
“% TABLE 4 TEST RUN ON BOILER SHOWN IN FIG. 1, WITH CONSTANT HEAT INPUT 
. in (T: T, = temperature differential from outside heating tube to water temperature in boiler) 
Time Hours Boiler Heat Innut ; 
Temp. ° F Tg - T) Amps NaOH PO, NaCl pH 
1 "525 55 26 525 990 415 1670 11.5. 
gy 560 60 26 575 970 405 168 11.5. 
610 50 25 566 990 392 173 11.5 
‘ 620 60 26 555 880 398 1685 
4. ; 620 80 25 605 710 398 1670 11.6. 
630 80 25 598 630 392 1670 11.5 
630 25 695 610 400 1650 11.5 
638 130 25 640 300 405 1480 11.6 
638 130 25 640 310 405 1470 11.6 
648 = 152 25 646 180 410 1420 11.6 
648 = 150 25 680 190 405 1450 11.6. 
655 5 185 25 654 80 400 136C 13.7 
665 : 185 25 670 45 400 1345 13.7% 
665 185 85 66 40 406 1360 11.6 
675 25 670 20 410 1330 
Shut off heat and blow water from boiler while tube is hot. About 7.6 grams of seale on heating surface. Tube No. 3 7 
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An x-ray diffraction analysis made by the Allis-Chalmers 
Manufacturing Company was reported as follows: “The deposit 
from Tube No. 3 from the laboratory test boiler gave quite a 
simple x-ray diffraction pattern, but we were not able to make an. 
identification either from our library or from the ASTM card 
index. An incomplete chemical analysis indicated about 18 per cent 
sodium sulphate and 52 per cent disodium phosphate. The diffrac- 
tion patterns, however, for both of these compounds are rather 
complex and none of the lines for either of these was found in the, 
simple pattern. This would indicate that the two were present 


perhaps the cubic system.” 

The sulphate was added in this test, since it is known that 
sodium sulphate has a decreasing solubility at higher tempera- 
tures. The phosphate decreased in concentration and deposited 
on the tube long before the sulphate began to decrease in concen- 
tration. 

In order to study further the influence of circulation in the 
heating tube, the inner filler used in the tests reported in Tables 
1, 2, and 3 was changed. The diameter was reduced from °/, in. 
to®/sin.OD. This changed the distance between the inner and 
outer tubes from '/s to °/,5 in. The phosphate started to de- 
crease and (T,; — T;) to increase again at 620 F (Table 5), while 
the sodium chloride remained constant. After 72 hr, when the 
heat input was reduced from 26 to 23 amp, the phosphate in- 
creased some, but did not return to the original value. When 
the tube was removed and examined the deposit did not cover the 
entire area of heat input. Deposit occurred on only about the 
middle two thirds of the heating area. 

The deposit appeared to be in two layers. Analyses of these 
lavers gave the following results: 


Top layer, Layer next to 

‘ per cent tube, per cent 
Sodium (Na)......... 28 . 36 31.380 
Phosphate (PO,4)...... 56.90 58.62 
14.96 10.24 


Shut off heat and blow water from boiler while hot. Tube No. 5. 


in the form of a double salt, crystallizing in rather simple form, - 
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The amount of sodium present is not sufficient to form tri- 
sodium phosphate. 


BoiLer Mopiriep For AppITIONAL TEsTs 


The boiler shown in Fig. 1 was modified to give a different con- 
dition of circulation. Fig. 2 shows the modified boiler. The 
inner tube previously used was removed from the heating tube. 
The tests reported in Table 6 were made using this boiler. These 
results indicate that the reduction of the phosphate and the 
(7, — T,) changes were at a lower rate than on the boiler shown 
in Fig. 1. However, the reduction of the phosphate is evident at 
temperatures of 620 F and above. The deposit found on this 


- tube at the end of the test was sent to the Victor Chemical Works 


for examination. The report was as follows: 


“A microscopic examination of the seale from the pipe section 
submitted showed it to be made up of two materials. The 
greater part was a white amorphous material having a refractive 
index of 1.526. The balance was a very fine amorphous scale. 
This is believed to be due to decomposition of the amorphous 
material. 

“The amorphous material, which was estimated to constitute 
90 per cent of the scale, was obtained fairly pure by first scraping 
off the surface deposit. We did not find this to be readily soluble 
in water. It appears to decompose very slowly in water at room 
temperature, slightly faster when heated to 70 to 80 degC. It is 
readily soluble in dilute acids and decomposes in hot dilute NaOH 
solutions. The exact composition was not determined, but 
qualitative tests show, sodium, orthophosphate and ferrous iron 
to be present in appreciable quantities. From these tests the 
scale is believed to be a sodium ferrous phosphate. Optical 
properties did not identify the scale.” . 

In order to study the effect of potassium, as compared to 
sodium, the boiler shown in Fig. 2 was used, and potassium hy- 
droxide, phosphate, and chloride were added. The results of the 
tests are given in Table 7. J 

These results indicate that in the absence of sodium, the in- 


_ TABLE 5 TEST RUN ON’BOILER SHOWN IN FIG. 1, WITH 5/s-IN-OD FILLER IN TUBE AND CONSTANT HEAT INPUT 


(T; — T, = temperature differential from outside heating tube to water temperature in boiler) 7 
Time Boiler Temp Keat Input 
Hours T Amps NaOH PQs NaCl pH 
26 . 820 488 11.4 ar 
26 +48 820 488 11.6 
26 73 740 4288 11.6 ; 
2 91 610 488 11.6 7 
26 116 530 488 11.6 
26 140 495 488 11.6 
26 214 40 497 11.6 ; 
2 195 395 502 11.6 
26 183 ° 395 497 11.6 
23 195 470 497 aie? 
23 202 480 497 11.7 
26 189 315 497 , 22.8. 
26 207 330 502 11.5 
26 226 280 508 11.5 
26 238 175 508 11.6 
26 235 175 508 11.5 
26 238° 135 511 
26 238 93 §11 
26 232 90 517 
26 226 85 527 
23. 214 - 133 527 
23 244 143 537 
26 226 263 527 “Inter- 
mittent heat input 
26 226 60 538 11.5 Conetant 
heat input 
26 11.5 Conetant 


210 60 538 
heat input. 
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TABLE6 TEST RUN ON BOILER IN FIG. 2, AT CONSTANT HEAT INPUT 


(T: — T; = temperature differential from outside heating tube to water temperature in boiler) 


600 25 30 900 434 11.6 
620 35 25 42 865 444 11.6 
620 35 25 | 42 B65 4428 11.6 
640 35 25 6? 865 448 11.6 

650 45 25 128 710 458 11.6 
680 65 25 189 495 an 11.6 
660 95 25 226 420 458 11.7 
j 660 65 25 238 390 486 11.6 
a 660 65 25 268 360 488 11.5 
J 660 65 25 310 345 488 11.6 

670 9 & . 30s 140 1446 
188 670 80 25 300 160 493 11.5 
176 680 100 25 286 7 
190 680 100 + 25 293 70 565 11.5 Steam 
leak in boiler 
7 Shut off heat and blow water from boiler while hot. Tube No. 6. 
| 


‘4 
t 
6 Leve/ Confro/s Lere/ Cantro/s 
ChermcalFeed Chemical Feed 
Heatin Tube eatin Tube 


Fic. 1 Test No. 1 Fic. 2. Test Bor_er No. 2 


soluble phosphate will not form. Thus with potassium salts observed. A further increase to around 1 made a further reduc- 
present, no appreciable change in PO,, hydroxide, or (T; — 7) tion in PO, This, appears to indicate that in a closed-cycle 
was noticed even at a temperature of 680 F (2700 psi). When plant, the use of potassium salts in place of sodium would prevent 
sodium is added as sodium chloride, so that the total sodium is the deposition of the sodium phosphate at the higher temperatures 
equal to about 0.2 of the potassium present, hardly any appreci- _ If there was leakage of sodium salts into the system, the sodium 
able change in PO, or T; — 7; was noted. When this was in- phosphate could form if the ratio of the sodium to the potassium 
creased to about 0.5 a loss of PO, and a change in (7; — 7;) was became sufficiently high. Bn -_ 
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4 


Boiler Temp. 


630 ; 43 

‘20 630 45 

22 i 660 

27 680 «45 

45 680 40 

Add NaCl to boller Water 2 grems - 
46 680 45 

50 680 45, 

Add NaCl to boiler 4 grams 
54° 680 60. 
680 

Ada NaCl to boiler water 4 grams - 
75 680. 85 


When the tube was examined, a white’deposit was found on the 
heating surface as expected. 
Analysis of this material gave the following results: 


Per cent 
Podium 10.46 
Phosphate (PO,)........ 51.91 
Chioride (Ci)............ 0.70 
Potassium (K)........... 1.08 
Iron (Fe)...... _2 87 


Two more tests were conducted with sodium phosphate hy- 


droxide, and chloride in the boiler water in order to obtain more 
material for analyses. The results of the analyses of the deposit 
from these tests were as follows: 


cent 
Tube no. 7. Tube no. 9 


Sodium (Na)......... 31.72 30.70 
Phosphate (PO,)...... 60.32 60.32 


On tube No. 7 the deposit was 0.023 in. thick, and it caused 
an additional temperature gradient across the heating tube of 
160 F. The x-ray diffraction pattern was the same as that 
obtained from tube No. 3 even though there was no sulphate 
present in this sample. Se 

The results of examination’ of the deposit on tube No. 9 by: 
another laboratory were reported as follows: ~ 


“Petrographic examination shows about 3/4 of the material 
to be a glassy isotropic substance with a refractive index of 1.52. 
The remainder is mostly anisotropic with refractive index values 
of about 1.595 and 1.68. These results do not correspond to any 
of the alkali phosphates in our available literature. 

RESULTS OF ANALYSIS 
Per cent 
by, weight 
Water-soluble maferial (76.2 per cent by weight): 
40.T 
36.0 


7 

CTIONS 


TABLE 7 TEST RUN ON BOILER SHOWN IN FIG. 2, USING POTASSIUM SALTS , 
(T:— T; = temperature differentia] from outside heating tube to water temperature in boiler) 


Heat Input 


Ta - T) Amps. KOH PO, KCl NaCl 
510 30 26 C 1000 457 i 


26 0 1000. 453 

26 © 1010 ~ 460 

26 © 1030 

26 0 1120 510 


26 © 1050 ; 1090 
26 79-1000. 1135 


26 158 470 2600 
26, 202 470 -2770 
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Totel Cl as 


26 183 270 "4400 


Shut off heat and blow water from boiler while hot. Tube No. 8. 


Insoluble material (23.8 per cent by weight): 


0.5 


Magnesium as 0.1 


“The insolyble material is apparently composed of a small 
amount of magnesium silicate, a little silica, some inon phosphate, 
and some ferric oxide. 

“The water-soluble material is evidently a mixture of various 
sodium phosphates, since the Na.O ratio is too low for trisodium 
phosphate and too high for other alkaline phosphates known to 
exist. Microchemical tests furnish additional ¢vidence in sup- 
port of this view. A strong alkaline reaction to phenolphthalein 
indicates the absence of acid phosphates. Silver-nitrate reagent 
produces specks of both yellow and white precipitate, indicating 
the, presence of orthophosphate (yellow precipitate) and othér 
phosphates (white precipitate). The latter may be metaphos- 
phates, pyrophosphates, or polyphosphates. P 

“With this possibility in mind, an attempt was made to analyze 
the sample in accordance with a method given by Loren T 
Jones, Industrial and Engineering Chemistry, Analytical Edition, 
Vol. 14, p. 536, 1942. Very poor separations were obtained, 
as shown by the fact that the summation of the various phos- 
phates determined by this method exceeds the total phosphate 
found by direct chemical analysis. No explanation is available 
for this discrepancy which was duplicated on a check run. Re- 


sults follow: 
Per cent 
> by weight. 


Orthophosphate as P2Os....... 32.4 
Hexametaphosphate as 6°9 
Trimetaphosphate as P2035... .. 25.6 
Pyrophosphate as P20s........ 4.9 
Polyphosphates as P2Os....... . None 


41.2 
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‘Time Hours Boiler Temp ° F 


16 600 
620 
20 620 
(23 620 
620 
43 620, 
650, 
48 650° 
(64 650 
a 
93 600 
113 600 
117 660 
120 660 


“A critical examination of the method used and the results 
obtained, suggest that the error lies in the determination of the 
ortho- and trimetaphosphate, since polyphosphates are absent, 
and the precipitation of hexametaphosphate and pyrophosphate 
seems quite straightforward. Assuming the latter determinations 
to be correct, and remembering that polyphosphates are absent, 
the per cent of ortho and trimetaphosphate may be calculated 
from the Na,O to P.O, ratio. . : 

“This calculation gives the following results, which are not 
capable of analytical proof, but which are considered to be a 
reasonable approximation.of the composition of the sample: 

Per cent 
by weight 


Sodium Hexametaphosphate .. . 9.9 
Sodium Pyrophosphate......... 9.2 
Sodium Orthophosphate.......° 54.4 
Sodium Trimetaphosphate . . 8.5” 


Srupy or Errecr or Rare or Hear 

To study further the effect of rate of heat input, a different 
design of boiler was used, Fig. 3. The heat is furnished by means 
of immersion heaters fitted inside of sealed tubes placed inside a 
drum. The rate of heat input was 10,000 Btu per sq ft per hr, 
which was lower than on boiler No, 1. The water passes around 
the tubes. Table 8 gives the results of the test using this boiler, 
These results again show that at about 620 F there is a reduction 
in the PO, content with an increase in the hydroxide, and no 
change in the chloride. The change in the phosphate was less 
than in the other boiler and there was a higher residual phosphate 
content at the higher temperatures than found when operating 
the boiler shown in Fig. 1. : 


tESULTs Or TESTS 


With the small amount of data collected to date, it is rather ” 


difficult to draw very definite conclusions. The general trends 
may be summarized as follows: 

1 At the boiler temperatures encountered in the pressure 
range of 1700 psi and above, there is present a stable insoluble 
sodium phosphate which will form as a deposit on the heating 
surface. . 

2 Anything which tends to raise the boiler-water temperature 
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TABLE 8 TEST RUN ON BOILER SHOWN IN FIG. 3, AT CONSTANT HEAT INPUT 


DH 
256 900 306 11.5 
305 B65 301 11.5 
323 850 306 11.6 
317 800 306 11.6 
390 750 306 11.6 
440 750 (306 11.6 
482 660 315 11.6 
590 315 11.6 
585 500 x1 11.7 
598 240 306 13.7 
585 260 315 11.8 
420 680 11.7 
438 660 295 
560 500 340 11.8 
550 335 11.8 


WATER LEVEL 
INDICATORS 


WATER 


SAMPLING 


<— 7-42 A.W. NEATING 
CARTRIDGES 


FROM BOWLER 


FEED PUMP 


Fic. 3) Hiagu-Pressure Boiter Usep in Tests 


will precipitate more of this slightly soluble phosphate from solu- 
tion. Thus a heavy deposit of calcium phosphate at the heating 


“surface will raise the water temperature at this location and cause 


precipitation of the insoluble sodium phosphate, which in turn 
will retard heat transfer and cause still higher temperatures and 
more deposit. A high rate of heat input may cause temperature 
increase and start the deposition of the phosphate. 

3 The potassium phosphate does not form an insoluble salt 
at these temperatures. If the ratio of sodium to potassium 
can be kept low, it is possible to use potassium salts instead of 
sodium and thus stop the occurrence of this precipitation, 
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Discussion 


{OBERT C. ApAms.? The author has disclosed what may be a 
perplexing problem in operation of high-pressure boilers. Con- 
siderably more information may be obtainable from his test re- 
sults to aid other investigators in the recognition and correc tion 
of the condition he describes. 

He postulates the formation of an insoluble sodium phosphate 
having a Na.O:P,0; ratio less than 3. In both layers of the -de- 
posit corresponding to Table 5, and in the deposit on tubes 7 and 
9, this ratio was reasonably uniform, ranging between 2.06 and 


2.20. This suggests the deposition of a disodium phosphate. ° 


Some support for this idea can be deduced frdm the deposit in the 
run with added.sulphate, corresponding to Table 4. If all the 
sulphate is assumed to be combined as NasSO,, the molecular 
ratio of the remaining sodium to phosphate is 2.34—only slightly 
higher than the above ratio. . 

This tentative confirmation is canceled, however, by the x-ray 
diffraction examination of the sodium-sulphate-phosphate de- 
posit. The quoted report implies the formation of a single, 
crystalline compound, with neither sodium sulphate nor Gandiom 
phosphate present in recognizable form. 

If the postulated compound exists, it should be possible to iso- 
late and identify it in the deposits. The crystallographic ap- 
proach should be more effective for this purpose than sole depend- 
ence on chemical analysis. The writer would urge the author 
to employ the petrographic microscope and x-ray diffraction. for 
examination of all such deposits. The data from such examina- 
tion, even though inconclusive in themselves, if presented systerh- 
atically, would be most helpful to subsequent investigators. 
The joint study thus possible should lead to diagnosis and solu- 
tion of the problem posed by the author. 


I. B. Dick.? The writer has some knowledge of one of the 
boilers referred to by Professor Straub in the first paragraph of 
his paper. It is substantially the same as that described in 
Combustion, August, 1943, pp. 28-34. Designed maximum steam 
generation is 1,000,000 lb per hr at 1742.5 psig drum pressure. 
Furnace volume is 54,400 cu ft, and ‘calculated heat liberation at 
1,000,000 Ib per hr stéam flow is 22,100 Btu per cu ft. Water- 
cooled furnace is formed of bifurcated tubes, 3 in. OD on 3!/¢in. 
centers, 

A hide-out condition’was known to exist in this boiler, but no 
difficulty was experienced in keeping about 30 ppm of Na;PO, in 
the boiler water. Phosphate, -supplied directly to the boiler 
drum through a separate chemical distributor, was added as a 
solution of monosodium phosphate. Usage was very modérate, 

causing no especial concern about the known hide-out condition. 
The known hide-out amounted to about 100 ppm as Na;PO,, 
which reappeared in the boile ‘+r water whenever pressure or rating 
were decreased about 20 per cént or more. 

Following the loss of a wall tube in this unit, samples of boiler 
water taken while the boiler was dropping off line showed that 
the phosphate concentration reached & maximum of 800 ppm at 
about 600 psi and no load, at which point the free caustic soda in 
the boiler water had completely disappeared, and the water was 
slightly less alkaline than a solution of Na;PO,. Customary 
-limits for free NaOH are frém 30 to 50 ppm. It appeared, there- 
fore, that an acid phosphate was going back into solution. 

This poses several questions: 

1 In what manner,can an acid phosphate be laid down from 
a boiler water containing at all times at least 30 ppm free NaOH? 

Superintendent, Chemical Engineering Laboratory, U. 8S. Naval 
Engineering Experiment Station, Annapolis, Maryland. 

§ Division Engineer, Consolidated Edison Company of New York, 
Inc., New York, N. Y. 
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2 Under what conditions of operation can such a phosphate 
be laid down? 

3 What would such an acid phosphate be? 

4 ‘Under what conditions would it reappear in solution? 

5 How can this condition be corrected? 


Professor Straub has contributed toward answering some of 
these questions. From all available information we construct a 
picture very much like this: 

Acid phosphate cannot be laid down from a strongly alkaline 
water. Therefore in some manner the phosphate must be out of 
contact with the boiler water. Since the solubility of TSP i 
greater at ope rating tempe rature than the amount carried in the 
boiler water,it is evident the first precipitation must have oec- 
curred at temperatures in excess of saturation. Somehow this 
precipitated phosphate, which must at first be erystalline tri- 
sodium phosphate, is then converted into an acid phosphate. 

There are two theories for the conversion to the acid phosphate, 
the one which has just been described by Dr. Partridge, and the 


. other that has been alluded to in Professor Straub’s paper, involv- 


ing the formation’of pyrophosphates or metaphosphates. 

We hold no briefs for either of these two theories 

Since we now have two possible mechanisms for the acid’ phos- 
phate to have been formed, it is apparent that such a phosphate 
will go back into solution whenever it is contacted with water at 
such temperatures that it’has definite solubility. Here the ob- 
served pressure of about 1300 psi enters the picture, but the’ 
limited knowledge of the chemistry of the phosphates at tempera- 
tures in the range of 575 F impedes our applying this observation. 

The remedy for the condition appears twofold: 


1 So operate the unit as to permit frequent removal of pre- 
cipitated soluble phosphates. 
2 So treat the boiler water that’ the phosphate s will not pre- 
cipitate. 


This, however, is another story. 

In closing, the writer wishes to Say that he believes Mr. Webb, 

discussing this paper, is contributing substantially to ou 
knowledgé, and so to our food for thought, by reporting on the 
experiences of the American Gas and Electric Service Corporation 
in boilers of the 2000 psi class. It is hoped he will continue to 


do so. 


E. P. Parrrivce R. K. Scort.‘ It is naturally pleasing to 
us to have Professor Straub confirm in the laboratory the fact 
that potassium phosphate does not hide out under conditions 


‘simulating a “hot spot” in a high-pressure boiler. We-accept his 


data with gratitude; at the same time we wish to present some 
interpretations differing in <letail from those expressed or implied 
in his paper. . 

It might be mentioned that in designing his laboratory boiler, 
Professor Straub has duplicated faithfully, ‘if unwittingly, a 
boiler in which gross hide-out of sodium phosphate was observed 


some fourteen years. ago. This was the mereury condenser ot 


the mercury-steam unit at Schenectady. Long nipples,. closed 
at the bottom, projected downward from a horizontal tube sheet: 
An inner tube within each nipple was intended to act as a down- 
take. Mercury condensing outside of the nipples boiled the wa- 
ter within them, producing steam at a pressure of 425 psi. De- 
posits found in these nipples in 1935 were half insoluble sludge, 
half water-soluble salts, with sodium sulphate predominating 
over trisodium phosphate. Over week-end shutdowns, the sul- 
phate and phosphate in the boiler water increased markedly. 

In an attempt to improve circulation, pairs of nipples were con- 
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4 Hall Laboratories, Inc., Pittsburgh, Pa, 
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nected together at the bottom to form U-tubes, but not until 
condensate was used for make-up was satisfactory operation 
attained, Later, in 1939, deposits found after a period of opera- 
tion at increased load were essentially trisodium phosphate with 
less than 10 per cent of insoluble sludge constituents. 

At the temperature of 450 F corresponding to 425 psi, it would 
have been necessary for the water in the nipples to concentrate 
until it contained 45 parts of Na;PO, in 100 parts of water before 
the solid could be deposited (1).° 

With respect to the changes in concentration of sodium hy- 
droxide accompanying hide-out and redissolving of trisodiam 
phosphate in the water of the experimental boiler, we believe 
there is an explanation both more simple and more sound than 
the one implied by the long quotation in the paper by Professor 
Straub. From the data given in his paper it is evident that con- 
centrated trisodium phosphate actually did react with the steel 
of his boiler to produce ferrous phosphate, either as such, or com- 
bined as sodium ferrous phosphate, at the same time releasing 
sodium hydroxide. The reaction would be represented in simple 
over-all form as 


2Na,PO, + 3Fe + 6H,O — Fe,(PO,), + @NaOH + 6H 


The ferrous phosphate, stable in contact with the concentrated 
solution, would, however, hydrolyze as water of the normal low 
concentration washed over it at lower temperatures, with the re- 
sulting reversal of the reaction 


Fe;(PO,.), + 6H,0 3Fe(OH), + 2H;PO, 
2H;PO, + 6NaOH — 2Na;PO, + 6H.O 


in which sodium hydroxide is used up. The ferrous hydroxide 
would normally be converted further into black magnetie Fe,O,. 

The suggestion that molecularly dehydrated phosphates were 
formed from trisodium phosphate in the experimental boiler is 
based chiefly on the analytical results obtained by the Jones 
method. However, the report quoted in the paper shows that 
total P,O; obtained by adding up the various constituents ‘‘de- 
termined” by this method was 70 per cent greater than total 
P.O; determined directly.- From ‘our fairly comprehensive 
knowledge of the phosphates as well as of the vagaries of the 
Jones method for the analysis of sodium phosphates, which would 
be aggravated in this case by the presence of considerable 
amounts of iron, we would conclude that metaphosphate and 
pyrophosphate need not, have been present in the deposit. 

At the ASME Annual Meeting six years ago, R. E. Hall pre- 
sented his detailed paper (2) in which he pointed out the several 
ways in which the substitution of potassium for sodium ion in a 
boiler water should prove beneficial. With respect to hide-out; 
he mentioned the favorable experience in one plant where, under 
conditioning with sodium chemicals, ‘““Both the sulphate and the 
phosphate skyrocketed when boiler load was reduced.” After 
conditioning with potassium chemicals had been established, suc- 
cessive tests showed “‘complete absence of sulphate hide-out, and 
elimination of all but the barest trace of phosphate hide-out.”’ 

Subsequently, hide-out of sulphate and phosphate in the 2000- 
psi foretd-circulation boiler at Somerset Station ceased when con- 
ditioning with potassium chemicals was commenced, as reported 
at the Annual Meeting four years ago (3). It was pointed out 
that the control limits for this boiler since the beginning of 1944 
had included the maintenance of a minimum ratio of potassium 
to sodium in epm of 3:1. This would mean a concentration of 
sodium (Na) in ppm not exceeding 0.2 times the concentration 
of potassium (K) in ppm. 


' Numbers in parentheses refer to the Bibliography at the end of 
this discussion. 
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Professor Straub may have been influenced by this and by 
similar reports from the field, not yet published, to undertake the 
experiments set forth in his paper. Like Kaufman and his asso- 
ciates (4) he has succeeded in confirming in the laboratory the 
fact that sodium phosphate hides out, while potassium phosphate 
does not. He has even reached the same conclusion as Hall (5), 
that 1 epm of Na can be present in the boiler water for each 3 epm 
of K without losing the improved behavior characteristic of full 
potassium conditioning. 

When Professor Straub discussed the original paper by Hall 
six years ago, he urged caution and said, ‘‘The real importance of 
the suggested potassium substitution for sodium will depend upon 
the results obtained in actual operation,” a dictum with which we 
thoroughly agree. With his knowledge of practical operating 
results in several plants during recent years, reinforced by the re- 
sults of his laboratory tests, would Professor Straub now recom- 
mend potassium conditioning generally for high-pressure boilers 
afflicted with hide-out? 

Hall and his associates continue to feel that potassium condi- 
tioning offers considerable promise as a treatment for the boiler 
disease of which hide-out is a symptom. In mild cases of 
this disease, an occasional good physic in the form of acid cleaning 
may suffice; where more severe conditions exist, the continuous 
mild laxative of potassium conditioning has paid for itself by 
keeping boilers on the line for longer periods than would otherwise 
have been possible. But when the disease is organic, surgery 
may be necessary for a boiler as for a human being. Let us con- 
sider some pertinent data.- 

According to the solubility studies of Schroeder and his associ- 
ates (1), both trisodium phosphate and sodium sulphate become 


progressively less soluble as the temperature is increased beyond 


about 250 and 465 F, respectively. While each is substantially 
insoluble at the critical temperature of 705 F, nevertheless the 
amount which can be present in a normal boiler water is far 
greater than the solubility of most substances which form de- 
posits in boilers. For example, the process of concentration in a 
boiler water at 1700 psi would have to proceed until 10,000 parts 
of NasPO, or more than 100,000 parts of Na»SO, were present in 
a million parts of H.O before the first crystal of solid could form. 
If the original dilute boiler water contained about the same 
amount of NaOH as of the salt, the limiting values would be even 
higher. 

For trisodium phosphate or sodium sulphate to disappear from 
solution in boiler water by simple hide-out thus requires the de- 
velopment on some localized area cf the boiler heat-transfer sur- 
face of a concentrated solution expressed more conveniently in 
per cent than in parts per million—a brine rather than a boiler 
water. 

If the tube surface is hot enough to cause the concentrating film 
upon it to become saturated with trisodium phosphate, it is 
inevitably hot enough to cause continuing deposition of this sub- 
stance as solid from the boiler water passing through the tube. 
The main body of boiler water is thus progressively robbed of 
phosphate as long as the local heat input remains sufficiently 
high. 

The accumulation of solid may cause failure of the tube by 
simple overheating; wherever the deposit does not completely 
cover, the steel, attack by the concentrated brine would also be 
likely, according to the experiments of Kaufman and his associ- 
ates (4) as well as those of Professor Straub reported in the present 
paper. 

What happens if, in a 1700-psi boiler which has consistently 
developed severe hide-out of sodium phosphate, we substitute 
potassium ion for sodium ion? The physical conditions which 
caused the boiler water to concentrate somewhere on strongly- 
heated tube surfaces remain the same, but instead of automatic 
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deposition of solid when the local concentration attains 10,000 
ppm of NasPO,, the amount of K;PO, in the concentrating film 
can increase without limit to whatever level is determined by 
the temperature produced in the film. . The completely fliid 
condition maintained at the metal surface is advantageous in 
several respects. It does not interpose the increasing resistance 
to heat transfer and to fluid flow of a growing deposit of solid, 
and it does mingle rapidly with the normal dilute boiler water at 
evefy opportunity. The over-all effect in a number of boilers 
has been to prolong the life of the heat-transfer surfaces. If the 
local input of heat is high enough, however; the steel will be 
attacked by the water containing potassium salts just as it would 
by the water containing sodium salts, or, for that matter, -by the 
purest water ever evaporated in a boiler. ; 

Hall (2) has pointed out how the corrosivity of the concentrat- 
ing film may be decreased by keeping the chloride high in relation 
to the hydroxide in the boiler water, or by eliminating free: hy- 
droxide altogether and operating with only captive alkalinity, 
By such expedients much has been done to make the patient more 
comfortable. ie 

Recently an impressive start has been made on investigations 
which could lead to prevention of the disease of which hide-out is 
asymptom. Studies of heat absorption in boiler furnaces, such 
as those at Tidd Station (6) and at Paddy's Run Station (7) can 
lead not only to greater efficiency in the utilization of heat, but 
also to decreased damage to the heat-transfer, surfaces when we 
learn how to distribute the heat more uniformly to them. 

: 
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W. L. Wess.’ The author is to be commended for presenting 
data showing what may result from endeavoring to maintain high 
phosphate concentrations in boiler water when conditions are 
such to permit sodium phosphate hide-out. This paper indicates 
the inadvisability of feeding chemicals without establishing what 
becomes of them. 


* Mechanical Engineering Division, American Gas and Electric 
Service Corporation, New York, N. Y. 
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Based on the experience of the company with which the dis- 
cusser is associated, it is more usual than unusual to find some de- 
gree of Sodium phosphate hide-out in boilers of the 1200-1400 psi 
range. In such cases the phosphate feed is rigidly limited to re- 
strict the quantity of hide-out. This results in substantially 
maintaining equilibrium PO, residuals which in thé more serious 
cases may range from less than’l ppm to perhaps 10 ppm. 

Residual phosphate is customarily maintained in the boiler 
water not only to precipitate the small amount of hardness which 
normally enters the cycle with evaporator vapor and condenser 
leakage, but also to properly precipitate unusual surges of con- 


. tamination, for example, from the priming of an evaporator or 


from the splitting of a condenser tube. The quantity of water in 
an operating boiler and the PO, residual in the boiler water 
establishes the number 6f pounds of phosphate available for pre- 
cipitating incoming hardness. When this is limited by a low 
equilibrium PO, value by virtue of a hide-out condition, the ob- 
jective of maintaining residual phosphate is partly defeated. 

Disappearance of phosphate due to other than consumption by 
cycle contamination and losses by blowdown should be dis- 
tinguished from actual hide-out. For example, following ‘the 
acid-Cleaning of a boiler there may be phosphate consumption in 
reforming a film on the freshly cleaned boiler metal. The extent 
of this consumption may be influenced by the type of so-called 
“conditioning boil’’ or boiler metal surface treatment which ror- 
mally follows the rinsing operation after draining thie acid solvent. 

In case of extensive phosphate disappearance, particularly fol- 
lowing acid-cleaning, it is considered good practice to make a care- 
ful check of the phosphate which returns to solution upon load 
reduction to definitely establish the existence of hide-out, and if 
it exists to limit the quantity hid out. Furthermore, the change 
in boiler-water alkalinity accompanying the return of phosphate 
to solution may give some clue to the form of phosphate hide-out. 
It may be of interest that in several cases boilers in which actual 
hide-out previously had not been observed have shown hide-out 
for periods of several months or longer after acid-cleaning. Why 
this condition should exist is not vet clear. 

Following the acid-cleaning in April, 1949, of the Indiana and 
Michigan Electric Company’s 2300-psi boiler at Tyin Branch 
Plant, phosphate, consumption was extensive and also hide-out 
existed to the extent that the equilibrium PO, value was less than 
2 ppm. Previous to this acid-cleaning, hide-out had limited the 
PO, concentration to 8 to 10 ppm.: As this new condition still 
existed’in June, it was decided as an experiment, to see if hide-out 
could be prevertted by the use of potassium chemicals. Phos- 
phoric acid and potassium hydroxide were used because of the 
ease of control of both PO, and alkalinity in the boiler water. 
Potassium chloride was also employed hoth to assist in the con- 
trol of the potassium-sodium ratio and to permit the use of the Cl 


‘concentration as a measure of the equivalent quantity of water in 


the boiler and for approximating blowdown. 


Upon raising the K/Na epm ratio to alsout 1.5 (Na:K weight 


ratio of about 0.4:1) no phosphate returned to solution, pre- 
sumably because the PO, residuai of 1 to 2 ppm had been suffi- 
cient to prevent hide-out. However, SO, increased from § to 
43 ppm. A further increase in the potassium concentration was 
accompanied by reappearance of no additional hid-out chemicals. 

In a subsequent test just before the 2300-psi boiler was shut 
down for an extended period, the sodium concentration was pro- 
gressively increased by the feeding of NaCl in an effort to show 


. at what ratio phosphate and sulphate would start to hide out. - At 


a K/Na epm ratio of about 1.0 (Na:K weight ratio of about 
0.6:1), PO, decreased from about 24 to 17 ppm but SO, remained 
unchanged at about 29 ppm. A reduction of the ratio to about 
0.5 (Na:K weight ratio of 1.2:1) made no appreciable change in 
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either PO, or SO, By this time the boiler-water dissolved solids 
were sufficiently high to cause an increase in the conductivity of 
steam so the ratio was not further reduced. 

The foregoing experience, as well as that with the 2000-psi 
boiler at Twin Branch Plant, leads the discusser to suspect that 
for pressures of this order, possibly 1700 psi and above as indi- 
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cated by Professor Straub, it may be advisable to employ potas- 
sium chemicals for internal treatment solely to prevent phosphate 


‘hide-out, particularly if hide-out seriously limits PO, residuals. 


Further data on the 2000-psi boilers shortly to be put into opera- 
tion at the Philip Sporn Plant may permit conclusions to be more 


definitely drawn. 
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Chemical Treatment, 


The increased power production obtained by exhausting 
high-pressure turbines directly to process rather than to 
coils of evaporators, which in turn produce process steam, 
is demonstrated. Typical heat balances are presented 
for systems employing evaporated make-up to the closed 
cycle and for 100 per cent make-up cycles using water treat- 
ments consisting of (a) silica removal and sodium-zeolite 
softening, and (4).demineralization and silica absorption. 
Performance data and costs are given for both evaporated 
make-up and 100 per cent treated make-up 1400-psi cycles 
at the Deepwater Operating Company's station. 


INTRODUCTION 

‘ D) WER manufactured as a by-product of process steam 
| ffers the lowest cost for fuel in mills per kilowatthour ob- 
; tainable from any type of power plant. The most efficient 
high-pressure power plant which is devoid of the by-product fea- 
ture and which delivers only one product—kilowatthours as elec- 
tric energy—still wastes, as low-grade heat in cooling water of the 
condenser system, approximately 50 per cent of the heat sup- 
plied in fuel. The lowest heat rate as yet anticipated for a central 
station is 9300 Btu per net kwhr for the Philip Sporn Station.* 

The lowest heat rate of plants now in operation is of the order 
of 10,000 Btu per net kwhr which represents a loss of 66 per cent 
of the heat supplied in the fuel. This waste or loss of heat is 
chiefly to the condensing water and the remainder ‘is sensible 
heat of stack gases, combustion imperfections, hydrogen losses, 
mechanical and electrical losses, auxiliary power requirements, 
and other incidental and generally unaccounted-for items. 


Utitizinc Exuaust STEAM FOR PROCESS 


The utilization of exhaust steam for process makes possible the 
avoidance of the heat loss to the cooling water. This is ac- 
complished by using (1) high-pressure turbine exhausting to 
evaporator coils, which in turn deliver process steam at some 
practical lower pressure, or (2) high-pressure turbines exhausting 
directly to the process headers. Either method avoids the Btu 
loss to the condenser cooling water. 
do not permit the use of the full availability of heat for conversion 
into work, because the heat delivered to the evaporator coils is 
degraded by heat exchange to a lower steam pressure for process 
purposes. This greatly reduces the ratio of available low-cost by- 
product power to process steam, i 


The evaporators, however, 


1 Vice-President, The Permutit Company. Mem. ASME. 

2 Mechanical Engineering Division, American Gas and Electric 
Service Corporation. Mem. ASME. 

The 2000-Psi, 1050 F, and 1000 F Reheat Cycle at the Philip 


Sporn and Twin Branch Steam-Electric Stations,"’ by Philip Sporn, 


Trans. ASME, vol. 70, 1948, pp. 287-294. 

Contributed by the Joint Research Committee on Boiler Feed- 
water Studies and Power Division and presented at the Annual 
Meeting, New York, N. Y., November 27—December 2, 1949, of 
Tur American SocieTy OF MecHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—A-71. 
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Demineralization, or 


Kvaporation for Make-Up in High- | 
Pressure By-Product Steam Plants | 


By J. D. YODER,' W. L. WEBB,? ann T. BAUMEISTER,? NEW YORK, N. Y. 


When turbines exhaust directly to process, power is generated 
through the full steam expansion from boiler pressure to process 
steam pressure. The heat rate approaches the theoretical factor 
for the conversion of heat into mechanical energy, or 3413 Btu 
per kwhr. 

The major advantage of delivering exhaust steam to an evapo- 
rator instead of directly to process is that it permits the return 
of the condensed steam from the evaporator coils to the boiler 
feed system without further treatment. The requirements of the 
power cycle for make-up water are consequently comparable 
to those of a surface-condensing plant and are of the order of 1 or 
2 per cent. This amount is readily supplied by a small-capacity 
evaporator. 

When the turbine exhaust is delivered directly to process, it is 
necessary to prepare substantially 100 per cent treated make-up 
water for feed to the boilers. When high-pressure boilers were 
first installed to supply process steam under these conditions, 
designing ‘engineers did not believe that the boilers could be 
operated successfully with 100 per cent treated make-up. With 
the accumulation of experience, however, it has been demon- 
strated that 100 per cent treated make-up can be fed even to 
high-pressure boilers (1400 psi) without operating hazard and 
with the advantage of the greatly increased by-product power 
rate. 

When an industrial plant installs a high-pressure turbine to 

.exhaust its steam to process, the boiler pressure is generally se- 
lected to balance the required power and process-steam demands, 
thus utilizing the maximum potential by-product power genera- 
tion. This frequently results in installing 600-psi boilers where 
more low-cost power could be produced with a higher pressure 
such as 1400 psi. 

When a public utility enters into an agreement to supply both 
process steam and power to an industrial plant, it is reasonable 
economy to install boilers to operate at maximum pressures, be- 
cause any excess power produced by the turbine may be used ad- 
vantageously by the utility to reduce its over-all cost of genera- 
tion. 

It is the purpose of this paper (1) to emphasize the greater 
amount of low-heat-rate by-product power which can be gen- 
erated when turbines are exhausted directly to process rather 
than to evaporator coils; (2) to present operating data for a 
1400-psi plant to substantiate these conclusions, and (3) to 
demonstrate the satisfactory chemical treatment of water for 
theSe conditions. 

Fig. 1 illustrates the heat rate in Btu per kwhr, for an efficient 
condensing plant as compared to the heat rate of by-product 
power plants when the turbine exhausts (1) to evaporator coils, 
and (2) directly to process. The plant heat rate with a process 
evaporator is less than one half of the heat rate for a surface- 
condensing installation. The heat rate for the case of turbines 

exhausting directly to process and using softened or demineralized 
feedwater is, in turn, somewhat less than with process evapora- 
tors. 
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ADVANTAGE OF E XHAUSTING DriRECTLY TO PRoc "ESS 


The great advantage of exh: iusting turbines directly to proc- 
ess instead of to evaporator coils is the greater amount of low- 
fuel-cost power that can be produced. This is illustrated in Fig. 
2. Here the relative amounts of by-product power which can be 
produced with 1400-psi boiler steam for 100,000 Ib per hr of 215- 
psia process steam are shown for (a) turbines exhausting to evapo- 
rator coils, (b) turbines exhausting directly to process and using 
(1) softened or (2) demineralized make-up. 

The power, when using evaporators at a constant vapor pres- 
sure, increases as the differential in pressure between evaporator 
coils and process steam diminishes, or as the mean temperature 
difference across the evaporator surface is decreased. The 
amount of heating surface needed in the evaporator coils increases 
as the pressure or temperature differential becomes less, which 
correspondingly increases the cost of evaporators. 

The chart indicates that when the turbine exhausts at 430 psia 
to the evaporator coils, the turbine produces 2920 kw of by- 
product power as compared with 4190 kw when exhausting the 
turbine at 270 psia. When the turbine exhausts to process and 
the feedwater is softened, as described later in this paper, the by- 
product power is 5340 kw, and, if the meke-up water were de- 
mineralized, the available by-product power would be 5620 kw. 
The increased power generated, when using demineralized in- 
stead of softened make-up, results from less boiler blowoff and 
therefore less degradation of heat. : 

The heatebalance diagrams, Figs. 3 through 7, show the basic 
data for these graphs. The comparative study reflected in these 
data was greatly simplified by the requirement that process steam 
under all alternates be delivered at 215 psia and eanohtiaty 
saturated conditions, 


TRANSACTIONS OF THE ASME 


. cent of make-up (with heat recovery). 


JULY, 1950 


THROTTLE CONDITIONS 1300 psio 760 F 
= PROCESS STEAM 215 psia 
5000}- = 
oO 
& 
4000 
a 
a = | 
x a 
wo 
4 = x ole z ° 
a © 
= 
x N 
WwW 
TURBINE psia 430 323 270 215 215 
EXHAUST EXHAUSTING EXHAUSTING 
TO EVAPORATOR, TO PROCESS 


Fic. 2. Comparative Power Ovurputs for ALTERNATE TyPEs OF 
By-Propuct PLants 


product power illustrated in Figs. 1 and 2 were thus determined 
by the feed cycles and heat balances of Figs. 3 through 7. In the 
preparation of these figures the following underlying performance 
estimates were used: 


PERFORMANCE ESTIMATES 


1 Process steam conditions, 215 psia dry and saturated. 

2 Steam conditions at turbine throttle, 1300 psia, 760 F, and 
1347 Btu per lb. 

-3 (a), Internal efficieycy of main turbine, 80 per cent. 

(b) Internal efficiency of heating turbine, 72 per cent. 

4 (a) Exhaust pressure loss from main turbine shell to 
evaporator, to heating turbine, to heaters No. 1 and No. 3 or to 
station wall, 7 per cent. 

(b) Extraction pressure loss from heating turbine to 
heater No, 2, 10 per cent. 

5 Mechanical and electrical losses 8, 3 per cent of gross power 
generated. 

6 Gland steam enthalpy, the throttle enthalpy minus 25 per 
cent of the enthalpy drop in the turbine. 

7 Auxiliary power for the generating plant for all conditions, 
6 per cent of the gross power generation obtainable with a eon- 
densing turbine operating at the given throttle conditions and 
flow, with a 10 lb per kwhr water rate. 

8 Boiler efficiency for power and yonenee steam generation, 
87 per cent. 

9 Steam losses, 5000 Ib pet hr. 

10 Blowdown losses: ‘ 

(a) From boiler, fed with evaporated make-up, 1500 lb 
per hr, or approximately '/, per cent of boiler output (no heat 
recovery ). 

(b) From evaporator’, 
heat recovery). 

(c) From boiler fed with softened water, 21. 6 per cent of 
make-up (with heat recovery). 

(d) From boiler fed with demineralized water, 
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11 Terminal temperature differences on heat exchanger, 
closed heaters, and drain coolers taken the same for all conditions 
and as specified on the diagrams. , 

12 Cost of process steam computed as the heat in the process 
steam corrected for boiler efficiency, steam losses, auxiliary power 
allowance 2 per cent of the heat, and boiler blowoff 10 per cent of 
make-up (with heat recovery ). 

Fig. 3 shows a typical cycle diagram for the case of the turbine 
exhausting to evaporator coils. The heat balance of this figure 
is based upon operating the turbine at an exhaust pressure of 430 
psia, under which condition the amount of by-product power pro- 


MAXIMUM OUTPUT - KW 


GROSS (5,620 
GENERATOR 1550 
NET 1,680 

A 


HEAT RATE- 4.440 BTU/KWHR 


* LEGENO 
Q= FLOW IN LBS PER HOUR 
h* ENTHALPY, BTU PER LB 
T+ TEMPERATURE, DEGREES FAHRENHEIT 
P« PRESSURE LBS PER SQ IN ABS 


BOILER FEED 
PUMP 


Fie. Heat Batance ror Hicu-Pressune Tursine Unit Ex- 


HAUSTING AT 430 TO EVAPORATOR COILS 


duced per 100,000 lb of process steam was 2920 kw and is so 
plotted in Fig. 2. Corresponding heat balances for evaporator 
operation with exhaust pressures of 323 and 270 psia are given in 
Figs. 4 and 5, respectively. 

Fig. 6 is a typical cycle diagram for the delivery of exhaust 
steam directly from turbine to process and is applicable for the 
cases of feeding softened or demineralized make-up to the boiler 
The heat balance of Fig. 6 is based upon softened make-up water 
of such analysis as to require a boiler blowdown of 21.6 per cent 
of make-up. The high-pressure turbine exhausts chiefly to proc- 
ess, but sufficient exhaust steam goes to the heating turbine to 
complete the heating of the feedwater from 38 F to 390 F. The 
steam flow through the high-pressure turbine is increased by an 
amount sufficient to compensate for the inadequacy of boiler 
blowoff for feed-heating purposes. 

Fig. 7 differs from Fig. 6 in that only 2.4 per cent of make-up is 
blown down from the boiler because of the use of demineralized 
rather than softened make-up. Since there is less boiler blowoff 
with demineralized make-up, more steam must pass through the 
high-pressure turbine to provide the necessary heat in the feed- 
water. This additional flow increases the by-product power gen- 
eration. Because less water goes to waste when demineralizing, 
the heat rate of by-product power is somewhat reduced as illus- 
trated in Fig. 1. 

Process-steam installations, similar to those shown in the heat 
balance, Figs. 3, 4, and 5, in which the high-pressure turbine ex- 
hausts to evaporator coils, and in Fig. 6 in which the 100 per cent 
softened make-up boiler supplies a high-pressure turbine exhaust- 
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ing directly to process, were put into service at the Deepwater 
Operating Company’s Station at Deepwater, N. J., in 1930 and 
1942, respectively. Both employ nominally 1400-psi, 725-750 F 
initial steam conditions at the turbine throttle and supply 215 
psia steam to process. - No process condensate is returned to the 
powerhouse from the factory. Raw water separately treated for 
the two installations is taken from the nearby Salem Canal which 
is equipped with a valved dam, to prevent salines from the 
Delaware River from contaminating this surface supply. 


Deepwater Hic-Pressure TURBINE-EVAPORATOR 

Unit 
The 1930 Deepwater installation consists of two 331,000-lb-per- 
hr, 725 F cross-drum boilers which supply a 12,500-kw turbine, 
exhausting to the coils of 7 evaporators, having a combined rated 
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TABLE 1 DEEPWATER HIG 
Ww 
Process steam 
Evaporator blowdown 
Blowdown losses 
Evaporator make-up 
Raw 
water 
(ppm) 
Calcium, Ca.. 
Magnesium, } 


Sedium, Na.... 5 0.56 


Bicarbonate, HCO, 
Carbonate, CO; 
Hydroxide, OH 

. Sulphite, 5 
Sulphate, 8O4 
Chloride, Cl.. 


Silica, SiOz 
Carbon dioxide, COz..... 


p 
Dissolved solids... . 
Suspended solids 


output of 400,000 Ib per hr of 215-psia vapor. Turbine-exhaust* 
pressure varies with load, and with the number of evaporators in 
service. At rated turbine capacity with 7 evaporators in service, 
exhaust pressure is approximately 300 psia. Make-up of 1.5 per 
cent to the 1400-psi cycle is supplied by house evaporators. 

Raw water, coagulated and zeolite-softened, is fed to the proc- 
ess evaporators which are continuously blown down. The em- 
ployment of softened water substantially has eliminated the 
need for seale-cracking operations. Representative water analyses 


Ferrous sulphate, 98 per cent FeSO¢7H,O 


Soda ash, NarCOs... 


Sodium chloride, 99! NaCl....... 


for this unit are indicated in Table 1. 
DEEPWATER 100 per Cent SOFTENED Make-Up Unit 


Prior to undertaking the 1400-psi 100 per cent make-up installa- 
tion at Deepwater, a pilot-plant test was conducted to establish 
that the raw water could be treated as contemplated, and that a 
high-pressure test boiler would operate satisfactorily with only 
treated-water make-up. This study was described by Car- 
michael.‘ 

In the subsequent 1942 installation the raw water, after treat- 
ment for reduction of turbidity, color, silica, and hardness, is fed 
to a boiler which delivers 550,000 Ib per hr of steam at 750 F 
total temperature. Substantially all the water-cooled surface of 
this boiler consists of vertical tubes, except the furnace roof and 
the hopper dry bottom. At full rating, the heat available is 62,000 
Bta per hr per sq ft of projected water-cooled furnace area, as 
compared to 80,000-120,000 Btu per hr per sq ft for boilers of 
conventional design. Comparative values per cu ft of furnace 
volume ‘are 13,800 and 18,000-24,000 Btu, respectively. The 
high-pressure steam is supplied to a 20,000-kw turbine exhausting 
directly to process, 


A schematic diagram of the water-treating plant is shown in 


Fig. 8. As designed, precipitator No. 1 was for coagulation and 
color reduction, using ferric sulphate and sulphuric acid at a pH 
of about 4.5, followed by air agitation for carbon-dioxide removal, 
and precipitator No. 2 for siliea reduction, using ferric sulphate 
and lime at a pH of 9 to 10. The precipitator effluent flows 

‘“Experimental Study, Feedwater Treatment for 1400-Lb Boiler 


Operating Pressure,” by D. C. Carmichael, Trans. ASME. vol. 64, 
1942, pp. 121-136. 


(epm) 


Chemical requirements in terms of treating-plant 


H-PRESSURE TURBINE—EVAPORATOR UNIT 
ATER CONDITIONS 


400,000 lb per hr 
21,000 Ib per hr 
21,000 Ib per hr 

421,000 Ib per hr 


Softener 
effluent 
(ppm) (epm) 


Evaporator 

“shell water 
(ppm) (epm) 
2 
0.08 


3267 

113 
3380 


157 

157° 
effluent: 
ppm 


¢ per lb $ per million |b 


through gravity filters and is discharged into the clearwell mixing 
chamber where pH was to have been reduced to 7.5 with sul- 
phuric acid. Pumps transfer water from the clearwell through 
sodium Zeo-Karb softeners to elevated storage tanks and to the 
station for boiler make-up. Under this plan of operation, reten- 
tion in the sedimentation sections of each Spaulding precipitator 
at rated raw-water flow of 625,000 Ib per hr is 170 min. 

Operating experience has indicated that sedimentation, and 
color and silica reduction can be accomplished in one step using 
ferric sulphate and lime at a PH of 9.2 to 9.6. This permits 
operating the two precipitators in parallel, thereby doubling the 
retention time. Because of deposition of slime on precipitator 
weirs and plugging of filters with organic matter and from carry- 
over of “wild floc,”’ the raw water is chlorinated. Clay is fed with 
the lime to assist in weighting the floc. 

Contrary to initial expectations that the zeolite material would 
be subject to attack from waters having pH values of 8 or higher, 
it has been established that a maximum PH of 10 is satisfactory. 
Supplementary chemicals consist of caustic soda and sodium sul- 
phite fed at the deaerator discharge, and sodium phosphate and 
an organic dispersive fed directly to the boiler. 

Table 2 indicates representative water conditions of the 100 
per cent softened make-up cycle, and the cost of treating chemicals. 
For comparative purposes, Table 3 presents similar data on the 
basis of employing demineralization and silica absorption. 

During the first 3 years of operation, semiannual outages were 
necessary for the removal of soft deposits of phosphate sludge and 
iron oxide from the water-cooled boiler surfaces. Initially this 
was done mechanically, and later by acid-cleaning. The employ- 
ment of an organic dispersive in 1945, for maintenance of sludge 
in suspension, proved to be practically 100 per cent effective, 
Since 1945 the boiler has been acid-cleaned but once, and then 
as a precautionary measure. Since feeding the organic material, 
samples of deposit turbined from selected wall tubes indicated a 
deposition of some 2 grams per lineal foot of tube, which analyzed 
about 40 per cent carbon. This seemed to show that there had 
been some decompositién of the organic dispersive but subse- 
quent examinations showed insufficient deposit to call for any 
change in treatment. 
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Fig. 8 Scuematic 


TABLE 2 


Process steam 
Steam losses 
Boiler blowdown 
Blowdown losses 
Make-up 


Raw water 
(ppm) (epm) 
19 0.94 
54 
56 
04 
00 


Magnesium, Mg 7 


Calcium, Ca.. 
13 


Sodium, Na 


Bicarbonate, HCO: 
Carbonate, CO; 
Phosphate, PO. 
Sulphite, SOs 
Sulphate, SO,... 
Chloride, Cl. . 


KN OO 


Silica, SiO: 
Carbon dioxide, COs 


Total hardness, as CaCQ;...... 
Pp 

Dissolved solids 

Suspended solids 


4 
Chemical requirements in terms of treating-plant effluent: 


Treating plant 
Ferric sulphate, 78% 
Lime, 90% Ca(OH) 
Sulphuric acid, 93% H2SO. 
100% 


<CLEARWELL 

MIXING 

CHAMBER 


TANK 
NO.2 


2-TR.WATER 
<2-BWASH PUMPS 


PUMPS 


D1aAGRAM OF WATER-TREATING PLANT FOR THE DEEPWATER 100 Per Cent Sorrenep Make-Up Unit 


DEEPWATER 100 PER CENT SOFTENED MAKE-UP UNIT WATER CONDITIONS 


400,000 Ib per hr 
5,000 Ib per hr 
75,000 lb per hr 
45,000 Ib per hr 
450,000 Ib per hr 


Filtered 
precipitator Softener 
effluent effluent Boiler water 
(ppm)* (epm) (ppm) (epm) (ppm) (epm) 
3. 0 0 
0. 


= 
= 


1712 
38 
1750 


ppm ¢ per Ib $ per million lb 


Shanteal cost per million lb of treated water 


Supplementary treatment 
Disodium phosphate, 98 per cont NasHPO« 
Caustic soda, 98 per cent NaOH 
Sodium sulphite, 93 cent Na:SO, 
Organic dispersive. . 


Chemical cost per ‘million Ib ‘of treated water 
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TABLE 3 


J Process steam 
Boiler blowdown 
Blowdown losses 
Make-up 
Raw water 
(ppm) (epm) 
Magnesium, 7 0.54 
2.04 

Bicarbonate, HCOy........... 61 1.00 

Carbonate, 0 0 

0 

Phosphate, ... 0 0 

Sulphate, 8SQ4............. 16 0.34 


Carbon dioxide, C 7 
Total hardness, as CaCOr. 74 1.48 
pH. 7.2 
Suspended solids............. 30 
Total solids... .. 150 


Chemical requirements in terms of treating-plant effluent: 


Treating plant 
Ferric sulphate, 78% 
Lime, 90 per cent Ca(OH):.... 
‘Chlorine, 100 per cent Cl. . 
Caustic soda, 98°, NaOH 
‘Soda ash, 99 per cent, NaC Os culate 
Sulphuric ac 93 per cent 
Clay. 
Chemic a cost per tallies Ib of treated water 


Supplementary treatment 
Disodium phosphate, 98 per cent eoerninat 
Caustic soda, 98 per cent NaOH 
Sodium sulphite, 93 per cent 
Organic dispersive 

Chemical cost per million Ib of treated water 


In any rational presentation of a subject suth as this, it is 
necessary that some space be devoted to a consideration of the 
economic aspects of the design as well as to the technical fea- 
tures. It is of course true, here as elsewhere, that any “over-all,” 
“average,” “typical,’”’ or “representative” 
associated intimately with the design details and local conditions. 


” 


‘costs are bound to be 


- Broadly viewed, however, the alternative designs of by-product 


power plants using high-pressure turbines exhausting to process 
evaporators or exhausting directly to process, show an over-all 
investment requirement which justifies the selection of the latter. 
Experience has demonstrated that the investment for a high- 
pressure boiler make-up treafing plant, alone, is substantially the 
same as an evaporator plant alone, for the same process-steam 
apacity. The complete power plant including boilers, turbines, 
buildings, and auxiliaries as well as the process-steam equipment 
is bound to require more investment for the installation exhaust- 
ing directly to process. The turbine generator is nearly twice the 
size, and the boiler must be larger. 
for a given process-steam output, say, 
psja: 


(a) 


Experience has shown that 
400,000 Ib per hr at 215 


The increased by-product power capacity will be obtained 


at today’s prices for an increment of investment in the neighbor- 
— hood of $100 per kw. 


(6) The increment of production cost of the électrical energy 
as produced by the unit exhausting directly to process, as com- 
pared to the high-pressure turbine-evaporafor unit will be less 
than the total production cost of a condensing plant using the 
same fuel. 


TER—MAKE-UP FOR HIGH-PRES 


SSURE BY-PRODUCT STEAM PLANTS 


WATER CONDITIONS FOR A 100 PER CENT DEMINERALIZED MAKE-UP UNIT 


400,000 Ib per hr 


5,000 Ib per hr } 
10,300 Ib per hr 
6,200 Ib per hr 
411,200 |b per hr 
Demineralizer 
Filtered and silica 
precipitator absorber 
effluent effluent Boiler water 
(ppm) (epm) (ppm) (epm) (ppm) (epm) 
34 1.68 0.2 0.01 0 0 
7 0.54 0.1 0.01 0 0 
13 0.56 1.8 0.08 107 4.66 
2.78 0.10 4.66 
65 1.07 4.3 0.07 0 0 
6 0.20 0 0 0 0 
0 0 0 0 40 2.35 
0 0 0 0 15 0.47 
0 0 0 0 tt) 0.25 
39 0.81 0.5 0.01 38 0.79 
25 0.70 0.7 0.02 28 0.80 


5.5 0.2 s 
0 0.5 
5 5 
0.1 0.1 
111 2.22 1 0.02 0 
9.2 8.0 11.3 
162 6.5 246 
40 
162 . 6.5 286 
ppm ¢ per Ib $ per million lb 
59 1.5 $0.89 
39 0.6 0.2% 
oe 6 9.0 0.54 
4858 2.5 11.45 
1.5 1.41 
0.9 3.03 
50 1.0 0.50 


os 1.5 9.0 $0.14 
0 2.5 0 

= 0.9 3.5 0.03 


These are favorable factors, and when it is rec ognized that the 
unit exhausting directly to process operates without undue labor 
or maintenance costs, and without sacrifice of reliability, the 
over-all economic picture is decidedly favorable to this solution of 
the problem of the multipurpose steam power plant. 
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Discussion 
R.C. Apams. The authors have presented a convincing case 
for their major thesis, that chemical softening of make-up will 
produce more power per unit of process steam than ev: aporation of 
make-up. A further economic advantage from de mineralization 
of the make-up is less certain. 

A complete picture of relative costs cannot be obtained from the 
limited data of the authors. 
thos® for chemical costs of water treatment in 


The only detailed costs they give are 
Tables 2 and 3. 
From these and the comparison in Fig. 2 of the paper, a partial in- 
dication of relative expense can be derived. 

Table 2, with total chemical costs of $11.08 per million pounds 
and 450,000 Ib per hr of make-up, indicates an hourly cost for 
chemicals of $4.98, nay this to the figures for power per 
unit of process steam in Fig. 
of 0.023 cent per kwh. 


2, shows a cost for treating chemicals 
Similar calculations from Table 3 for de- 


* Superintendent, Chemical Engineering Laboratory, U.S 
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mineralized make-up yield an hourly expenditure of $7.67, anda 
chemical cost of 0.034 cent’ per kwh. 

Chemical costs for water treatment are a minor, though not 
negligible, part of the expense of power generation. The hun- 
dredth of a cent per kilowatthour increase for demineralization 
instead of softening looks small. However, it should be recog- 

“nized as a 50 per cent increase in chemical costs for all power 
generated. 

If the increment in cost is diy ided by the increment of power, 
Which is a more reasonable basis for appraisal of the process 
change, the result is even more striking. The 1120 additional 
kilowatts, attending the standard 400,000 Ib per hr of process 
Steam, cost $2.69 per hr for treating chemicals alone. This means 
0.24 cent per kwh. When it is considered that many favorably 
placed industries can purchase power for about twice this amount 
the probability of an over-all saving from demineralization 
shrinks, 

This suggests that general application of demineralization for 
boiler make-up is far from assured. It is more likely that its 
application will be limited to special cases for some time to come. 


S. B. AppLepauM.® The authors mention two types of water- 
treating equipment for the make-up water to high-pressure boilers, 
us follows: 


(a) Silica removal by contact of the water with precipitates of 
ferric hydroxide, followed by sodium zeolite to remove the hard- 
ness. 

(6) Demineralization and silica adsorption by ion exchange. 

The authors describe an actual installation at Deepwater, 
N. J., using the first method, and they present hypothetical 
tables showing what might be expected from a demineralizing 
plant for the same conditions. However, they do not describe 
demineralizing-silica removal plants in actual operation or being 
installed, 


The purpose of this discussion is to supplement the paper by 
supplying information to show that there is a very definite trend 
toward the installation of plants which demineralize the water 
and remove the siliéa by ion exchange. 

Case 1 Process Water. One.of the earliest plants of this type 
Was installed by the Liquid Conditioning Corporation, now a 
subsidiary of the writer's company, at a pharmaceutical plant in 
the Midwest. There had been a two-step demineralizing plant 
in operation which merely removed the cations and anions but did 
not remove the silica. However, the USP standards ealled fora 
total solids of 10 ppm including the silica and therefore the user 
purchased a third-step ion-exchange unit for the removal of the 
residual silica. At the same time, the original demineralizing 
plant was remodeled by using the most modern resins in the 
units and by improving the CO. removal of the decarbonator. 

This plant has been in satisfactory operation for over two years 
now and Table 4 of this discussion gives the chemical results at 
various stages of treatment. The plant has a capacity of about 
15,000 Ib per hr, and it is now being remodeled to make it fully 
automatic in its operation. , 

A second plartt is being installed by the same user, having a 
capacity of 20,000 lb per hr of the same general type except that 
the decarbonator will be of the vacuum type, in order to reduce 
oxygen as well as free CO, between the second and third stages.” 
This plant also will be fully automatic and will contain the most 
modern resins. 

The operation of this plant shows that the silica is reduced to 
under 0.2 ppm throughout the run and rises to 0.5 ppm at the 
€ Manager of Cold Process Division, Cochrane Corporation, Phila- 
delphia, Pa. Mem. ASME. : 
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TABLE 4 CHEMICAL RESULTS FROM TREATMENT 


——————In ppm expressed as Cat 
A B D E 
Cations 

Caleium (Ca**)...., 249 0-1 . O-1 0-1 0-1 
Magnesium (Mg**).. 116 O-l . 0-1 0-1 0-1 
Sodiam (Na 27 0-1 d-1 0-1 
Hydrogen F.M.A. (H *) 113 0 0 
Total cations... 392 0-3 0-3 0-3 
Anions 
Bicarbonate (HCO;.-) 276 0 0-3 0 
Carbonate (CO;~~)" . 0 0 0 0 0-3 
Hydroxide (OH -).. 0 OF 0 0 0 
Sulphate (SO,~ >) 100 nya 
Chloride 16 16 
Total anions........... 392 0 0-3 0-3" 
Carbon dioxide, free... , 15 243 243 2-6 
Silica... ... 15 5 15 0-056 
pH 7.3 2.5-3.0 “4.3-4.8 5.0-5.6 8.0-9.0 
otal dissolved solids . 8 8 2-6 


? 2.5 average throughout run (total electrolytes). 
0.1-0.2 average throughout run (SiOz). 


A, Raw. 

B, From first step or cation units. 

C, From second step or weakly basic anion units. 
* D, From decarbonator. 

E, From third step or silica removal unit. 


end of the run. The total electrolytes are reduced from nearly 
400 ppm down tounder 5 ppm. Therefore the effluent more than 
meets the USP standard of‘less (han 10 ppm total solids, including 
the silica. 

Although this water is not used for boiler-feed purposes, the 
continued satisfactory performance of this equipment has been 
reassuring to’ boiler-plant operatcrs who were interested in the 
possibility of applying this system to boiler-feed make-up treat- 
ment. 

Actually, during the last vear there is evidence of a great in- 
crease in interest in this new system. A number of installations 
have been ordered, a 

Case 2, Central Power Planj. In the spring of 1949, a.power 
plant in the Midwest, which had bought an evaporator for its 
make-up, decided to install a hydrogen-zeolite unit plus an alkali 
feed for neutralization plus a degasifier to pretreat the water to 
the evaporator. While receiving estimates of cost of this pre- 
treating eqiipment the company also investigated the possibility 
of adding an anion exchanger for removal of the anions as well as 
the silica, and finally purchased a two-step deminerslizer and 
silica-removal plant, using the evaporator as an emergency 
stand-by. The raw water comes from a well. The analysis is 

“given in Table 5 of this discussion. The plant will have a capac- 
ity’ of, "20,0004 /hr, and is expected to be in operation early in 
1950. 

Cage 3 Industrial Boiler Plant. Another order received was 
from an industrial plant on the West Coast. This plant pre- 
viously used evaporators for producing distilled water.for make 
up purposes for the 420-psig boilers: Due to plant expansion it 
Was necessary to provide for additional-make-up. At that time 
it was decided to discontinue the evaporator,and replace it by a 
demineralizer and ion-exchange siliea-removal plant and to in- 
stall a plant large enough to take care of the expansion. 

One of the advantages of the demineralizer is that it permits 
the boiler to generate steam lower in free carbonic-acid content 
than the evaporator. This is due to the very low ‘alkalinity of 
the demineralized effluent and its actual freedom from free COs.- 
The pH value of the effluent is usually over 8.5 because the 
strongly basic anion exchanger absorbs free CO» as carbonic acid. 
The steam from the evaporator, on the other hand, would contain 
all the CO, that is formed by the decomposition of the feedwater 
alkalinity. 
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TABLE 5 ANALYSIS OF RAW WATER 
Ppm 
Total hardness as CaCQOs................. 240 
MO alkalinity as 247 
Sulphates as 13 
Free COs an COs... 36 
Estimated pH value 7.8 


Desired Quality of Effluent 


«Total hardness as CaCOy...... Oto 2 
Total cations as 2 to 

Total anions as CaCO,.......... 2to 5 

Siliea as SiO» under 0.5 


. . . 
Phe raw water in this case has the following analysis: 


HCO 10 
Ca 50 ‘Os 8 
Mg 17 19 
Na 19 19 


Total cations 86 ppm as CaCO, Total anions 


11 
pH 885 


86 ppm as CaCO, 


The demineralizing plant, which will have a capacity of 
100,000 Ib per hr, will consist of three steps, a cation exchanger in 
the first step, a weakly basic anion exchanger in the second step, 
then a deearbonator, and finally a strongly basic anion exchanger 
in the third step which will remove the residual anions and the 
silica. The quality of the effluent desired in this case is as 
follows: 


ppm ppm 
Ca 0-1 «4 0-3 
Mg 0-1 0-1 
Na 0-3 Cl 0-1 


Total cations 0-5 as CaCO; 
SiO. under 0.2 ppm . 
pH over 8.0 
A number of similar installations are being made in the’ Mid- 


Totalanions 0.5 as CaCO, 


west in central power plants and, judging from the inquiries and 
specifications that we are receiving calling for bids on this type of 
equipment, there 
aware of the advantages of this system and that a definite trend 


can be no doubt that boiler users are becoming 


has developed favoring that svstem instead of evaporators or 
ferric-hydroxide adsorption of silica. 

Demineralizing’ by two-step ion exchange was in operation for 
some years, but the anion-exchange Tesin in the second step was 
of the weakly basic type which did not remove silica. Obviously, 
the removal of cations and anions without removing silica did not 
equal the performance of evaporators, because the boilers would 
have to be blown off heavily to kéep the silica concentration low. 
It was discovered that by adding fluorides to the raw water, the 
ordinary demineralizer, using a weakly basic anion exchanger, 
would be able to remove the siliea, and some plants were installed 
using thissystem. However, it had disadvantages of high operat- 
ing cost, and there was a possibility of fluorides going over with 
the steam into the turbines. : 

With the advent of the highly basic anion-exchanger material, 
which removes silica, it is possible to remove silica without adding 
fluorides. The full advantage of the demineralizing process is, 
therefore, now available to produce 2 water of such low electrolyte 
and low siliea content that it is the chemical equivalent of dis- 
tilled water for boiler-feed purposes. 

It is to be hoped that the actual experience with the plants 
which will be in operation during 1950, 
papers before the Society so that addition! evidence of the good 
results obtainable with this new process will be available. 


will be presented in 
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D. C, 
subject and one upon which considerable study work was carried 


The paper presents a highly interesting 


out before establishing that a 1400-psi boiler could be operated 
with 100 per cent make-up. 


This work consisted of construction and operation of a 7-gpm 
water-treatment plant for color and silica removal. The results 


as to silica removal were much the same as later proved in the 
plant-size treatment system. 
the operation of a 1400-psi 
approximately 4! 


The second step of this work was 
boiler with a heating surface of. 
The design of this boiler allowed for 
operation with a heat input up to and including 100,000 Btu per 
sqft perhr. The feedwater for this experimental boiler was 100 
per cent make-up from the mentioned water-treatment plant. 
The experimental boiler was operated for a total period of 120 
days, and the prediction at that time was that the plant-size 
boiler would be operated for at least 6 months between internal 
cleanings 


2 Sq ft. 


The operating results in the Deepwater Operating Company's 
‘able 
water do not vary 
widely from day to day, although the hardness has increased 
somewhat during 1948 and 1949. 


water-treatment plant may be of interest and are shown in ‘1 
6 herewith. The constituents in the raw 
The hardness increase in the 
The 
irrespective of 
It may be said that the operation of 
the water-treatment plant is on a routine basis, although some 
interesting problems arose in the starting of the plant. 


feedwater is due to the ferric sulphate and lime treatment. 
silica content of the feedwater is fairly constant, 
changes in the raw water. 


Fig. 9 of this discussion is a view of the precipitators, showing 
When the plant was placed in opera- 
tion, wind action stirred the water to the extent that water of a 
very unsatisfactory quality resulted. Covering of the tanks was 
considered but the wave action was overcome by a very low-cost 
that of floating wood lath interlocked with nails as shown. 
This wave breaker was cheap and requires little maintenance. 


the lattice wave arrestors. 


idea 


7 Design Division, E. 
mington, Del. Mem. 


I. du Pont de Nemours and Company, .Wil- 


ASME. 


rABLE 6 DE . PW 7 R OPERATING COMPANY—NO 


VATER-TREATMENT DATA 


7 BOILER 


Rew Water er Effluent Chemical Fees 
Total Ferric 
Hardness 81 Total $10 Sulphate Lise 
Min. 3.9 11 wi 
Max, ™ 10.6 ise 1.9 166 157 : 
56 6,5 129 239 an 
Min, %.0 1.2 122 90 
Max. 55 10.5 186 1.9 207 156 
49 130 13 
Min, a7 6.3 113 1.5 129 103 
Max. 69 10.0 149 1.8 184 i”? 
~AY Es 6,3 126 1,7 155 127 
i987 
Min, “6 2.5 115 1.0 105 105 
Max, 80 10.6 176 1.6 228 182 
62 L2 143 1,5 163 130 
ages 
Min, 59 7.1 135 1,1 132 107 
Max, 93 176 1.5 231 
hn 2,2 158 1,3 195 141 
1989 to 
Gate 
Min. 130 1.0 lls 193 
Maa. 93 9.0 in 1.6 198 165 
2 1,2 168 126 
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Fig. 10 shows the operating valves of the gravity filters, the 
Thev 
and make for lower investment than when a gallery floor is 
installed. 


valves being located at floor level. are readily accessible 


Fig. 11 shows the operating valves of the zeolite softeners. 
The located from the filters, thus 
making for accessible operation to both the filters and softeners 
without the operator walking a long distance 


softeners are across the aisle 
In present-day 
design, only the operating valves and immediate piping would be 
housed with the shell proper outside, thus decreasing the building 
investment. 


Table 7 of this discussion shows the boiler-wate stituents 


View or Precipirrators, SHOWING Latrrice Wave ARRESTOR 


10 Permutir Gravity 


OPERATING 
COMPANY 

The blowdown varies from 15 to 20 per cent of the total feed- 

water, and no turbine-blade deposits have been encountered with 

the silica and total solid concentrations shown. The final criterion 

of the feedwater treatment is in the internal condition of the 

boiler. 


OF THE 


TABLE 7 


ASME JULY, 1950 
DEEPWATER OPERATING COMPANY--NO. 7 
BOILER.WATER CONCENTRATIONS 


BOILER 


Total 
Solids 
PPM 


Hydroxide 
PPM | 


8102 
PPM 


PPM 


8? 
1g 


11 Permu TIT ZEOLITE SorreENERS 


DeEPWATER OPERATING 
COMPANY 


Fig. 12 is a‘side-elevation view of the 1942 boiler installation 
operating with 100 per cent make-up as mentioned in the paper. 
The remexining views were taken during the annual inspection of 
» upper drum and lower drum to show the internal conditions. 
Fig. 13 is of the upper drum, which indicates absence of seale or 


sludge in the drum itself as well as the cyclone separators. Fig. 


14 is of the lower drum during the same inspection and likewise 


shows very little sludge present. These views were taken in 


June, 1948, after 3 years of operation since the previous cleaning. 

The paper gives comparisons on 100 per cent softening versus 
100 cent 
between the two methods of treatment would be very -enlighten- 
ing. Likewise, 
output in pounds per hour with the same unit on T00 per cent 


per demineralization. [-quipment-cost comparisons 


would the boiler manufacturer agree to greater 


demineralized water, as compared to 100 per cerit softened water, 


or would a lower-cost boiler unit be offered for the same output 
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After all, it is the economics of any installation which governs, to 
a large extent, the type of equipment and design. 

In conclusion, it might be stated that the operating results on 
100 per cent treated make-up show that the operating difficulties 
are no greater than have been experienced in many high-pressure 
boilers operating on low percentages of evaporated make-up. 


P. H. The authors correctly emphasize the very 
high thermal efficiency of electric power production in plants 
where the power may be generated as a by-product of the genera- 
tion of steam for other than power purposes. In the casé of the 
Deepwater plant, elimination of the evaporator heat exchangers 
increases the amount of such high-effigiency pawer, which repre- 
sents a gain in useful power output of the plant. 

The improvements in feedwater treatment which make pos- 
sible good operation without the evaporators constitute a valuable 
contribution to the development of more efficient power plants. 

The authors point out that when a publie utility and an indus- 
trial company co-operate in the design and use of a plant for pro- 
ducing steam and electric power, the tendency is to design a plant 
giving the largest amount of electric power, in proportion to 
steam, that can be shown to be economical. This tendency is to 
be commended, since it means that fuel resources are conserved, 
aus the thermal efficiency at which this powef is generated is 
nfuch higher than by any other available means. 

I. A. Prrsu.’, The authors have presented an interesting 
study of process steam plants generating by-product electric 
power. Heat balances are given for systems utilizing high-pres- 
sure turbines exhausting either directly to process or to the coils 
of evaporators, which in turn deliver the steam to process. The 
low heat rates in these types of plants show that the by-product 
power can be produced at a much lower fuel cost than is attaina- 
ble in a central station which wastes heat to’ the condenser cool- 
ing Water. The increasing number of plants which are operating 
successfully in this manner at or near 100 per cent make-up 
demonstrate the feasibility of such operation even under drastic 
water-treatment demands. 

It is true that when high-pressure boilers were first installed 
the design engineers were reluctant to believe that they could be 
operated successfully with 100 per cent make-up. This attitude 
was in part based upon the knowledge that if excessive blow- 
down were to be avoided with the poorer quality of feedwater 
available to the high make-up boiler, it would be necessary to 


carry the boiler-water concentrations at much higher values. 


The capacity of the steam-separating equipment available at 
that time was influenced by increased boiler-water concentratiGns 
to a much greater degree than is the case with present-day steam- 
separating equipment. For this reason the maximum allowable 
steaming rate per foot length of drum was a more important con- 
sideration on over-all boiler design than it is at present. 

The improved steam-separation and purification equipment 
now available permits a plant to carry boiler-water concentrations 
at higher values and to obtain better steam purity than was for- 
merly possible. This results in a decreased blowdowni require- 
ment which is a very significant factor in the operation of high 
make-up boilers fed with water of relatively high dissolved-solis 
concentration. 

There are now a considerable number of installations operating 


at or near 100 per cent make-up and at pressures ranging up to- 
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2200 psi which deliver steam with a maximum total dissolved- 
solids content between 0.5 to 0.8 ppm, when cartfying boiler-water 
concentrations up to 2500 ppm. The absence of -tube. failures 
and the long intervals between required cleanings on the waterside 
in these units is evidence that a properly designed boiler can be 
operated successfully under conditions of high make-up -and high 
boiler-water concentrations, provided the boiler water is prop- 
erly conditioned. : ‘ ‘ 

The pioneer design and operation of high-pressure boilers, 
which occurred during the 1920's, were beset with many new prob- 
lems, and the design engineers, with justification, insisted that 
these boilers should operate with low make-up so as not to intro- 
duce unnecessary complexities through the use of a poorer-qualit y 
feedwater. It must be remembered that the seience of water 
conditioning was in its infancy during this period, and the use of 
phosphates for water conditioning had just been introduced. 

The accumulated knowledge obtained from experiences since 
that time has led to a clearer conception of the objectives to be 
achieved, a more thorough understanding of the principles in- 
volved, and the development of better and more economical 
means of feedwater- und boiler-water conditioning. Thus the 
quality of the feedwater for high make-up boilers has improved 


_ to the point where it is found economically practical ine many in- 


stances to produce, by demineralization, a water whose purity 
approaches that of distilled water. 

Proper conditioning of the sludge is of very great importance 
in a high make-up boiler because of the greater amounts which 
are present. The sludge must be in such condition that it is 
nonadherent to the surfaces in the boiler and must be kept in sus- 
pension so that it ean be blown down from the unit. Sludge- 
dispersal agents have proved of tremendous value in performing 
these functions. The advances in.the science of water condition- 
ing must receive the majpr share of the credit for the demon- 
strated successful operation of high-pressure, high-make-un 
boilers. 

The increasing demand for electric power in this country will 
stimulate the produetion of by-product power in process-stean’ 
installations, and the success of these plants must be credited in 


.large part to the knowledge disseminated by those who have 


pioneered this type of operation. 


W.C. Woopman.” The authors have presented a paper which 
draws attention to the exceptional opportunities afforded in an 
industrial plant for obtaining power at fairly low cost where it is 
possible to generate this power as a by-product of process steam. 
The econamics of the situation, as the authors point out, in ‘the 
end often dictates the system or cycle to be employed, and 
present-day. production costs require the adoption of pressures and 
temperatures, and the utilization of heat-saving devices not 
hereto economically justifiable. 

One Such device which is particularly applicable to the type of 
plant chosen by the authors is the thoroughfare desuperheater. 
By employing this type of heat exchanger, a substantial increase 
in power may be developed without the generation of additional! 
steam, or conversely, a considerable improvement in economy 
may be obtained with the same power development. When 
employirig steam for process, that temperature which may be 
tolerated in the exhaust steam limits the turbine initial tempera- 
ture to a value less than that which is often economically justi- 
fiable. With the use of a thoroughfare desuperheater, which,is « 
wholly practicable heat exchanger, the initial temperatyre at the 
turbine inlet may be increased, while the temperature of the 
exhaust steam supplied to process is reduced on passing through 


“this desuperheater to approximately, the value which would be 


1 Mechanical Engineer, Stone & Webster Engineering Corporation 
Boston, Mass. Mem. ASME. 
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obtained from a turbine having law initial steam temperature. 


feedwater forms the cooling medium in the desuperheater. The 
heat balance, Fig. 15 of this discussion, illustrates the thorough- 
fare desuperheater applied to the cycle in the authors’ Fig. 6. 
Over 5500 additional kilowatts, representing an increase of 26 per 
cent, have been obtained with substantially the same boiler out- 
put and cycle heat raté. To obtain this additional power, the 
boiler, turbine, and connecting piping must be designed for the 
higher temperature, and the thoroughfare desuperheater pro- 
vided. It is estimated that these modifications can be installed 
for less than $50 per kw of increased capacity, which is a rela- 
tively economical means of obtaining additional power. 

For industrial plants where power and process-steam demand 
are not so nicely balanced as in the instances cited by the authors, 
an extraction-condensing turbine generator can be employed. 
The use of a thoroughfare desuperheater is equally adaptable for 
installation in the extraction steam line and permits realizing the 
added capacity or economy resulting from high initial tempera- 
ture, without increasing the temperature of the extraction steam 
to process. 

One economic fact in the authors’ paper might be given more 
emphasis and that is the increased construction cost of deminer- 
alization over softening equipment. The extra power derived 
from the demineralization plant, Fig. 7 of the paper, over the 
softening plant, Fig. 6, is relatively costly. It is estimated that 
the extra cost of demineralization equipment over the cost of 
sodium zeolite would approximate the cost of equipping for the 
high-temperature operation described, and for the conditions 
assumed by the authors, the purchaser would get greater return 
on his -investment by utilizing high-temperature equipment 
The improvement in the cycle resulting from the use of a de- 
mineralizing plant develops a net increase of 1170 kw, which we 
estimate would have an incremental cost of approximately $275 
per kw, which seems to ug to be more costly than the addition of « 
condensing end on the turbine . 
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This apparent advantage of one method of obtaining additional 
output over the method proposed by the authors serves also to 
emphasize the need for comprehensive analysis and engineering of 
each project. 

AvuTHors’ CLOSURE 

The requests for supplementary and more detailed data on 
costs are natural and numerous. The problem, which confronts 
the authors, is to prepare such figures so that they will be of use 


When any 
attempt is made to give dollar values, which purport to be 


and free of the possibilities of misinterpretation. 


“averages” or “representative,” they are always subject. to mis- 
use because of failure by all parties concerned to be on a common 
ground. This will occur despite the efforts to resolve differ- 
ences. We are saddled with the inherent weaknesses of such 
approaches on the averages. 

Mr. Adams correctly states that chemically softened make-up 
will produce more power per unit of process steam than evapo- 
rated make-up. Whether demineralization would be more 
economical than softening in a specific instance would depend 
upon many variables including not only water conditions, equip- 
ment and installation costs, and expenses for fuel and operating 
labor, but also upon the judgement of project designing engi- 
Mr. Adams’ figure of 0.24 cents per kwh obtained by 
dividing the increment of chemical cost by the increment of 
power is considerably less than the production cost of most 
condensing plants. 


neers. 


Consequently it might be considered as an 
argument for demineralization. ; 

As Mr. Applebaum indicates, demineralization is receiving 
much attention. Undoubtedly the ASME will welcome papers 
presenting conclusive operating results on this method of treat- 
ment. 

Mr. Carmichael, because of his direct association with the 
design and initial operation of the Deepwater 100 per cent 
Make-up Unit, is well-qualified to discuss experiences with this 
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installation. The authors are most grateful for his conttibution. 

However, as previously indicated, they are reluctant to give 
comparison of plant-equipment costs involved when employing 
softened and demineralized make-up. Mr. Carmichael’s ques- 
tion concerning boiler design and cost for the two treatments 
represents only one of the variables which hinges largely on the 
judgment of the persons-voncerned. In a case where an existing 
condensing plant boiler is to be operated such to require high 
n ake-up, it probably would reflect good engineéring judgment to 
demineratize rather than soften the make-up water. 


It is gratifying to have Mr. Knowlton agree with the thesis of 


the poper and to emphasize the possibilities in reducing: power 
costs by co-operation of public utilities and the industries requir- 
ing large quantities of process steam. Both he and Mr. Pirsh 
present pertinent observations, ; 

It is most helpful of Mr. Woodman to have prepared a coms 
plete heat balance on the use of the thoroughfare heater. The 
data shown in his Fig. 15 are directly comparable with those 
contained in the body of the paper and fhe ASME should be 
grateful that Mr. Woodman has taken the time to work out such 
an exact analysis. He cites the gain in power for a given process- 
steam flow and ventures an estimate of the, additional invest- 
ment. In the case of the Deepwater 100 per cent softened make- 
up installation, the use of the thoroughfare heater was studied 
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but its installation was not considered to be justifiable on the 


basis of cost. Other specific cases, coupled with today’s prices, * 


could very reasonably lead,to different conclusions. 

In a similar fashion, any analysis made today should recognize 
the potentialities of mercury vapor for by-product power genera- 
tion. Great strides have been made in this field and if a mercury 


boiler-turbine-condenser-steam unit were postulated instead of. 


the combinations considered in this paper, the ratio of power to 


“process steam would again run to much higher values. - 


If, for the conditions shown in the heat balances, the output of 
electric energy in Fig. 3, using a process-steam evaporator, could 
be considered for comparative purposes as 1.0, then the output 
with softened make-up, Fig. 6, would be 1.8, and with deminer- 
alized make-up, Fig. 7, 1.9. With the thoroughfare heater of 
Mr. Woodman’s Fig. 15, this value for electric power output 
would climb to 2.4. If mercury vapor were used, then the by- 
product power would reach’a value nearly double that of Fig. 15, 
actually about 4.4. This high ratio of power to process steam 
offers one of the real merits of mercury vapor. The disadvantage 
of the picture is the dollar cost of the increment investment. 
This, in many instances, is, at present, unfavorable to mereury 
vapor. But the continually changing prices for fuel and equip- 
ment are bound to alter.any conclusions on the economic merit 
of the proposal and a continuing study is justified. 
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Sulphite and Silica in Boiler Water 


pee 


Hydrogen sulphide was first detected in the gases dis- 
charged from the air ejector of the main condenser of No. 
7 unit at Springdale Station of West Penn Power Company 
about 6 months after the unit was placed in service. The 
story of potassium sulphite and its connection with this 
unit will form the first part of this paper. Silica deposi- 
tion on the turbine blades was quite rapid, and after 8 
months operation it was necessary to sandblast the silica 
from the blades. The search for the source of this silica, 
together with the information found and the corrections 
applied, will also be discussed. 


Y ©. 7 unit at the Springdale Station of the West Penp Power 
ompany is a one boiler - one turbine installation, and is 
operated independently from the rest of the station. This 
furnishes an excellent opportunity to make a closely controlled 
study of the boiler and the turbine as regards water conditions. 
The unit is fully equipped with instruments as well as what was 
believed to be a fair complement of sampling facilities for making 
an investigation. 

The boiler is a radiant-heat divided-furnace type furnished by 
the Babcock & Wilcox Company, and is rated at 800,000 Ib 
per hr of steam at 930 F total temperature, and 1350 psi drum 
pressure. The turbogenerator is Westinghouse and is usually 
operated at 85,000 kw. This addition to the Springdale Station 
was put in regular operating service January 14, 1946. 


SampuinGc WATER 


The three original boiler-water sampling points were selected so 
that the samples obtained would show differences, if any existed, 
in concentration or chemical constituents at three different parts 
of the boiler. These are located as follows: 


No.1 This sample is collected from the continuous-blowdown 
line which extends from the left drurmhead to the middle of the 
drum. It has small intake holes throughout its length. Theore- 
tically, this blowoff pipe should give a representative sample of 
the water surrounding the length of the pipe, but at best this 
would be true only when a heavy blowdown was being made. 
At all other times the sample from this point would be repre- 
sentative of the water surrounding the first few holes in the col- 
ecting pipe. It is thought that the No. 1 sampling point gives 
conditions which exist only at the left end of the drum. 

No.2. This point is located 5 ft from the top end of No. 40 tube 
in the front wall. The sample obtained was supposed to represent 
the water in the left half of the boiler and was placed high up in 
the tube jn order to determine if any difference existed in the 
chemical constituents of the boiler water because of hot spots or 


! Superintendent Efficiency, West Penn Power Company. Mem 
ASME. 
= Chief Chemist, West Penn Power Company. ° 
Contributed by the Research Committee- on Boiler Feedwater 
tudies and the Power Division and presented at the Annual Meet- 
ing, New York, N. Y., November 27-December 2, 1949, of Tue 
AMERICAN Society OF MECHANICAL ENGINEERS. 
Notre: Sjatements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
i the Society. Paper No. 49—A-75. 
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at Springdale 


By L. E. HANKISON! anp M. D. BAKER,? PITTSBURGH, PA. 


faulty circulation. This wall contains 160 three-in-OD tubes 
95 ft long. 

No. 3 Similar to location of No. 2 sampling point, except this 
point is in tube No. 119 at the opposite or right half of the front 
wall. 


The boiler water of the unit has always been conditioned with 
potassium salts. The chemicals used are potassium phosphate, 
potassium hydroxide, potassium chloride, and potassium sul- 
phite. These chemicals were introduced into the boiler water at 
the drum in order that the least possible amount of solids would 
be in the water delivered to the attemperator. The use of potas- 
sium salts for boiler-water treatment has been described pre- 
viously by the authors.’ 

Sulphite. West Penn Power Company considers sulphite an 
essential conditioning chemical in boiler water. Experience with 
lack of sulphite was quite expensive and was described by the 
authors of this paper in a previous presentation.‘ It has been 
used in No. 77 boiler since it was first put in service, and its use is 
expected to continue. 

It was noted quite early in the operation of the boiler that 
sulphite analyses of the boiler water were erratic and that the 
desired concentration was hard to maintain. Also, the water 
samples contained various quantities of finely divided black iron 
and copper oxides. The sulphite might vary from 10 ppm excess 
to none in two consecutive samples from the same sampling point. 
The day-by-day variatiqns in all constituents in boiler-water 
analyses except sulphite were in proper proportion, and this gave 
confidence of correct methods of sampling. The varying results 
gave reason to question the equipment used to obtain the samples, 
and the water circulation in the boiler. These conditions, and 
particularly the unpredictable results of the sulphite analyses 
were the cause of much concern, and the reason for the boiler- 
water investigation. ; 

Six months after the boiler was placed in service, intermittent 
shots of hydrogen sulphide were discharged at the air ejector of 
the main condenser. As time elapsed, the number and intensity 
of the shots became greater. The amount of hydrogen sulphide 
was sufficient to make the air in the turbine room offensive to the 
operators. The hydrogen sulphide in the 5 cfm of gases dis- 
charged from the air ejector was determined colorimetrically, 
using sodium plumbite. The amount usually found varied from 
5 to 25 ppm. The maximum determined was 192 ppm by volume 
or 229 ppm by weight. This high figure does not represent a large 
amount of hydrogen sulphide, as 229 ppm by weight in 7200 cu 
ft of gases per day equals only 6.03 grams. This is equivalent to 


* 1.12 ounces of potassium sulphite. At this time the sulphite fced 


was varying between 6 and 10 Ib per day. 
A probable reaction for the decomposition of potassium sul- 
phite in high-pressure-boiler water is as follows 


K,SO; 3 + K.S 


“History of Potassium Boiler-Water Treatment at Springdale,”’ 
by L. E. Hankison and M. D. Baker, Trans. ASME, vol. 67, 1945, 
pp. 317-324. 

‘Corrosion and Embrittlement of Boiler Metal of 1350 Pounds 
Operating Pressure,"’ by L. E. Hankison and M. D. Baker, Trans. 
ASME, vol: 69, 1947, pp. 479-486. 
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This reaction will occur with the dry salt-heated td a-red heat: é o TAB 
It has also been reported to occur in solution in the presence of ‘ / r 
copper or iron compounds at tempefatures above 490 At 
this temperature, with the same catalysts, hydrogen sulphide can 
be produced from potassium sulphide as in the following 
KS + KOH + ILS 
This reaction was confirmed by the high alkalinity of the boiler 
water at the time the hydrogen sulphide was most noticeable. , oe Sout 
During a period of several weeks the pI of the boiler water was 4 Sout 
in excess of 11.3 without feeding any caustic. C ~ - West 
Boiler-water treatment was fed directly into the drum through =) 
a chemical feed bottle once each day. While not a constant oc- ECONOMIZER . 
currence, the heaviest discharge of hydrogen sulphide occurred ; East 
45 to 90 min after the chemicals were added. The minimum sul- , East 
phite concentration was set at 3 ppm, and; to prevent going below MibD- POINT East 
this value, it was necessary to have 35 to 45 ppm of subphite in the : : . mn 
boiler water immediately after adding the chemical. ‘ . 
A theory that concentrations this high were the cause for the | iene 
decomposition of sulphite with the resultant formation of sulphide , 750000 LB8S/HR East 
was disproved. Tests were made on three other boilers of the — ; Drum 
same pressure with sulphite increased by shot treatment to con- , _ a Nortt 
centrations of 60 to 90 ppm with no detected formation of hydro- M4 2 
gen sulphide. The only difference in the chemical conditioning £8 .98/H4 = ° siete 
of the four boilers was in the rate of feed from the chemical bot- Wo ~_—_ 
tles. The charge of chemicals in the bottle of No. 77 boiler would 22 North 
be emptied in a few minutes, while at least '/. hr was required to CHEMICAL PUMP - we | North 
empty the bottle on each of the other boilers. In all four boilers, —— 2 3 
the high concentration of sulphite would be reduced to.10 ppm — | < PABL 
or less in 24 hr. No satisfactory explanation for this reduction or 
disappearance of sulphite in oxygen-free water is offered or has : 
been found in the literature. p=! 
The set minimum concentration of 3 ppm of sulphite in No. 77 a L 
boiler was reduced to 1 ppm, but positive tests for hydrogen sul- be 
phide were obtained with 1 ppm of sulphite in the boiler wafer. — BOILER WATER RECIRCULATOR The 
This seemed to confirm the thought that the boiler had faulty. | ae a : the fe 
cfreulation and was developing hot spots with the resultant de- ‘ phite 
composition of sulphite. ment, 


tubes and headers so that the complete study was made with 18 
samples collected as nearly simultaneously as four men éould 
collect them. The lower headers gave water conditions in each 
wall in accordance with the water supply from the drum. The 
additional tubes selected for sampling were thought to have the 
higher rates of evaporation, and consequently would be first to 


Two plans of action were started immediately, as follows: 


1 Purchase and installation of a chemical feed pump that 


would permit continuous chemical treatment. 
2. Installation of additional sampling coils which would permit 
sufficient samples to be obtained to determine if points of high 


concentration were occurring. 


show faulty circulatian. 

A Milton Roy pump of 3 gph capacity for continuous treatment Table 1 lists the points of sampling and gives a typical set of 
was placed in service on April 5, 1947. The chemical treatment is | analyses obtained from the 18 sample points. The variation in 
pumped into the discharge line of the Hankison boiler-water ratio of sulphite to the other constituents was t¥pical of the daily 
recirculator which pumps water continuously from the boiler analyses made over a period of several months. f 
drum through the economizer for corrosion protection as de- The boiler was acid-cleaned in April, 1947, to remove the heavy 
scribed by Baker.® ; oxide deposit which was thought might be affeeting circulation 

Fig. 1 shows where the chemical feed pump discharges into the _ It is estimated that the acid-cleaning and the subsequent washing 
recirculator line before the water from it enters the main boiler of the drum and headers removed more than 500 Ib of déposit. 
feed line downstream from the attemperator connection. Since A partial analysis of the material which was removed is given in 
this pump was placed in service, continuous low sulphite concen- Table 2: 


trations have been easily maintained. Following this change in At the time the boiler was acid-cleaned the turbine was in- 
method of treatment there was a reduction in the intensity and spected. Severe active corrosion was found on the low-pressure- 
frequency of the shots of hydrogen sulphide discharged by the air turbine casing at the discharge throat into the condenser. Also, 
ejector, but 7 months elapsed before the production of this gas the metals of the condenser were attacked where the condensed 


was entirely eliminated. steam rained into the condenser. Subsequent inspections since 
Fifteen additional sampling points were located on the boiler | the hydrogen sulphide disappeared show no active corrosion. 
The hydrogen sulphide had attacked the tubes in the air- 
7 The Behavior of Sodium Sulphite in High-Pressure Steam ejector condenser. The tubes in the inlet section-could be broken 
Boilers,”” by R. M. Hitchens and J. W. Purssell, Trans. ASME, vol. . : : 
60, 1938, pp. 469-473 easily by the hands. The tubes are made of admiralty metal and 
*“Economy in Boiler Water Recirculation,’ by M. D. Baker, those replaced in April, 1947, are still giving satisfactory serv- 
Combustion, vol. 12, October, 1940, pp. 31-34. ice. 
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HANKISON, BAKER—SULPHITE AND SILICA IN BOILER WATER AT SPRINGDALE 07 
POINTS 01 AND TYPICAL ANALYSES and decomposition occurred. A large proportion of the gas was 
4 discharged from the air ejector, but some was absorbed by the a 
Sample Date = 5/9/17 condensate and recirculated in the-boiler-water cycle. It is quite 
: , possible that a large number of eycles were required to discharge 
Sample Points Cond. fo, all the absorbed gas. The hydrogen sulphide when absorbed by d 
— nD 720 5 28 oq ~ ‘the condensate produced an acid solution which attacked the 
P metals of the system. These dissolved metals when finally con- 
South Wall Lower Header 708 26 96 
centrated in the boiler would settle out as oxides, but during the 
South Division Wall Lower Header a 695 3° 24 89 conversion from sulphide to oxide, they served as catalysts to 
South Convection Wall Lower Header 10 665 2 2% 9 break down more of the sulphite. With the removal of deposits 
West Wall Lower Header u 625 5 2h 90 by acid-cleaning, and the elimination of large excesses of sulphite, 
682 the desired boiler-w ater condition was slowly established, and the 
, hydrogen sulphide gradually reduced. 
Bast Wall No. 40 Tube Botton The inconsistent sulphite analyses still persisted with the con- 
East Wall No. 40 Tube Top _ 2b 700 3 2k 9% tinuous feed of boiler-water chemicals. In the study to determine - 
East Wall No. 66 Tube Bottom 7 678 3 2h 100 ~~ all inconsistencies it was noted that copper and steel were used in 
East Wall No. 65 Tube Top 9 636 b 23 88 various combinations for sampling lines and inner coils of cooling 
5 = se ‘ . coils. Table 3 shows the result of this phase of the study. It is to 
E No. 119 Tube Bott ‘ 
> be noted that the.samples collected through copper gave erratic 
East Wall No. 119 Tube Top 9 635 2 22- 9 — sulphite  restilts. Samples collected through steel gave con- 
Drum Center 6 660 4 26 91 sistent results. 
North Convection Wall Lower Header . 6 626 3 22) 6 The confirmation that copper reduced the sulphite in the sample 
North Sener « was obtained from serie of tests m ide ut the No. 40 tube top 
sample connection. The steel sample line from the valve was 
Seth ee Wall Ho. X Tube Botton 7 648 4 23 85 brought out toa tee. Each side of the tee was connected with the 
North Division Wall No, X Tube Top 6 645 2 2k 92 same length of steel tubing to sample coils; one with copper inner 
2 2% 8 coil, the other with a stainless-steel inner coil. The flow was 


North Wall Lower Header un 660 

: regulated at each coil so that the volume of sample was the same. 

TABLE2 MATERIAL mame = 47 a BOILER BEFORE ACID Table 4 is typical of the results that were obtained on numerous 
‘LE G 


Sainte tests with a copper coil and stainless-steel coil in parallel; and 


Silica as O01 also with two stainless-steel coils in parallel. In all tests the 

sample from the copper coil gave a lower sulphite reading than 
Phosphate as PLO, was obtained in the sample from the stainless-stec] coil 

: , Effect of Copper Tubing. Evidence of the effect of copper tubing 

Theory of H ydrogen-Sulphide Formation. A probable theory for — on the disappearance of sulphite in the boiler water « as found at 

the formation of hydrogen sulphide is that while 45 ppm of sul- the time of the failure of a section of tubing connecting the source 


phite was the maximum found in the boiler water after shot treat- — of the sample with the cooling coil. The copper tubing could not 
ment, at the time of injection the concentration was much higher be made tight at the fitting and was replaced. The section re- 


—. PABLE 3 RESULTS OF TESTS WITH CONTINUOUS FEED OF BOILER-W ATER CHEMICALS 
Sampling Inner 


Drum South End ’ s SS lk 792 2 696 3 762 ll 922 9 730 
South Wall Lower Header s Cu 77h 2 65k 3 750 7 896 5 716 
South Division Wall Lower Header s Cu W 2 610 3 «725 9 8m 869 697 
- South Convection Wall Lower Header Cu Cu lu 715 o 610 Oo 675 6 828 4 666 
| West Wall Lower Header s SS 12 697 ‘°2 603 2 658 10 820 8 656 
East Wall Lower Header s sS 728 1 620 2 685 10 647 8 672 
Bast Wall No. LO Tube Bottom Cu Cu 1S 773 2 65 2 728 8 90 Oo 725 
Top s SS 750 2 635 3-15 10 85 8 To 
“hast Wall No. 66 Tube Bottom Cu 732 635 682 6 830 662 
East Wall No. 66 Tube Top .. cu Cu 9 700 Oo 592 © 610 6 608 Oo 658 
East Wall No. 119 Pube Bottom Cu cu 9 63% Oo 545 Oo 598 5 765 Oo 635 
East Wall No. 119 Tube Top s Cus 630 2 538 585 3 150 3 634 
North Convection Wall Lower Header cu Cu 7 616° O 523 0 575 S 735 3 610 
North Division Wall Lower Header s SS 13 648 4 546 2 610 9 786 7 665 
- North Division Wall No; I Tube Bottom Cu cu 8 656 1 550 Oo 610 4 776 4 642 
North Division Wall No, X Tube Top cu cu 8 650 1 5uS oO 655 4 760 Oo 642 
ee North Wall Lower Header s SM 6% 3 Sw 1 62 9 7% 8 656 
S = Steel " 
. SS = Stainless Steel s 
Cu = Copper 
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TABLE 4 RESULTS WITH COPPER ON STAIN ‘LESS-STEEL 


COILS IN PARALLEL, AND STAINLESS-STEEL COILS IN 
PARALLEL 


Conductiv- 


Coil Metal SO; ity SiO: PO, CL 
Sample date 7/16/47 
0 760 3 27 78 
Stainless steel...... * 808 3 28 83 
Sample date 7/22/47 
Stainless steel........ 4 926 5 2 88 
Stainless steel........ 4 929° 4 27 


‘Fic. 2 Sprit Sampiinc Tuse SHowinc Copper Oxipe CoaTINnG 


moved was split lengthwise and the inside was found to, be coated 
with a black enamel-like coating that was badly cracked. In 
places, little chips of the coating had broken off exposing bare 
copper. Flakes of the coating removed for analyses were found 
to be copper oxide. Fig. 2 is a photograph of the split tube 
showing this oxide. A new section of bright copper tubing was 
installed. This section of tubing was inspected after a month 
of normal sampling service and showed definite discoloration 
No further testing was done to determine the rate of attack 
as the copper tubing was replaced as soon as possible. No 
‘discoloration or metal attack has ever been found in steel tubing. 

Analyses were not made to explain the disappearance of sul- 
phite and the production of the copper-oxide coating. However, 
bright copper strips were exposed to cold boiler-water samples 
without discoloration. This would indicate that sulphide was not 
present in the boiler water. The least trace of sulphide added to 
these same samples would produce discoloration of the copper 
strip. 

After it was determined that copper would reduce sulphite in 
boiler-water samples, all permanent boiler-water-sample connec- 
tions and coils made of copper were replaced with steel. These 
changes corrected most of the erratic results, but it was found that 
variations in analyses still persisted and were more pronounced in 
warm weather than during cold weather. A study was made to 
determine the effect of temperature of the sample at the time of 
collection, and it was determined that: 

1 Samples collected from an all-steel system at temperatures 
above 80 F may give low SO; results.. 

2 A sample collected through an all-steel sampling line, a 
stainless-steel inner cooling coil but with a short copper discharge 
tube from the coil will be affected if the sample has a temperature 
above 80 F. 

3 A long copper cooling-coil discharge tube can, at any tem- 
perature, reduce materially the SO; content of the sample. 

Some tests were made using monel sampling lines between the 
valve and cooling coils. Sufficient data were not obtained to 
arrive at definite conclusions but it was indicated that this metal 
would reduce the sulphite in the boiler-water sample, but not as 
much as copper. 
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Eliminating the erroneous results caused by the effect of copper 
on the sulphite eontent of the boiler water, the other data indi- 
cated that the boiler was free of circulation trouble. 


Deposition oN TurBine BLApEs 


Silica. Silica deposition on turbine blades at Springdale has 
been mentioned in a previous paper.? The rate of deposition on 
No. 7 unit at Springdale confirms the findings of Straub and 

Grabowski’ that silica concentrations above 5 ppm in the boiler 
water will cause blade deposition. The rate of deposition on the 
unit at Springdale is.measured by the increase in pressure at No. 3 
bleed point. With clean blades and at a load of 85,000 kw on the 
turbine, the pressure at the third-stage bleed point is 128 psi. 
Any increase in this pressure usually indicates blade deposits. 

A definite limit for maximum silica in the boiler water was not 
established during the period from starting the unit until Sep- 
tember 14, 1946. Efforts were made to reduce the silica by blow- 
down, but no positive program was instituted. During the first 
months of this period, silica in the boiler water varied between 18 
and 25 ppm. During the remainder of the period the siliea was 
gradually reduced to8 ppm. At the time the unit was taken from 
service the third-stage pressure had increased to 155 psi. The 
cover was removed from the turbine and heavy blade deposits 
were found. The blades were cleaned by sandblasting which re- 
stored the turbine to a clean-blade condition. The unit was again 
placed in service October 1, 1946. During the first week after 
cleaning, the silica content of the boiler water varied between 13 
and 21 ppm. After this the silica content of the boiler water was 
maintained between 4 and 8 ppm, except for a few short periods. 
High silica was found after each boiler outage. Blowdown was 
used to reduce this value to below 5 ppm. 

All known sources of silica were investigated and eliminated. 
Silica due to evaporator carry-over was reduced to a minimum by 
maintaining the rate of evaporation at or below 50 per cent of 
rated capacity. Raw-water contamination could not be found. 
The possibility of silica in the water-conditioning chemicals was 
investig gated and found to be negligible. Analytical procedure 
‘was investigated and, after a large amount of work, was found 
correct. With all these possibilities eliminated, unexplained 
sudden increases of the silica content of the boile ‘r water were 
still expe rienced. 

The increase in third-stage bleed pressure confirmed the pres- 
ence of silica in the boiler water, with subsequent vaporization 
and deposition on the turbine blades. The pressure had increased 
to 152 psi so that on March 19, 1948, the turbine was caustic- 
washed to remove this silica. After causticewashing, the con- 
denser was tested using river water to fill the steam space. The 
river water was muddy and mud settled on the tube surface and 
was not drained out with the water. When the condenser was 
again placed in service a large amount of mud was carned into the 
boiler. After 20 hr.of operation, the silica in the boiler water was 
found to be 116 ppm. The third-stage pressure was 135 psi and 
increasing rapidly. Due todoad conditicns the unit could not be 


, taken out of service. 


Heavy blowdowns and vy: aporiz: ition of silica reduced the silica 
in the boiler water to 12 ppm by March 31, 1948, when the unit 
Was again caustic-washed. By this ‘time the turbine blades had 
enough deposit to cause the load on the unit to bé reduced to 
81,000, kw to prevent safety-valve operations on the heaters. 
With this reduced load the third-stage pressure was 150 psi, and 
it was estimated that at 85,000-kw Joad this pressure would be in 
excess of 165 psi. After the second washing, the third-stage pres- 
sure was down to 130 psi when operating at 85,000-kw load. 


7 “Silica Deposition in Steam Turbines,” by’-F. G. Straub a 
H. A. Grabowski; Trans. ASME, vol. 67, 1945, pp, 309-316. 
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Fic. 3 DiaGram SHOWING RELATION OF SWEET WarerR TANK AND Fig. 4 SHOWING CHANGES Mape TO Exciupe 


Fly Asn From THe 
Vents STACK : SWEET W ATER SYSTEM AND Proving BREATHING OF THE Tank 


5 Hydrogen sulphide in the Water-steam circulation cycle of 
4 power-station unit can produce severe corrosion, 

6 Silica contamination of the feedwater System may occur 
because of failure of design engineers to recognize the possibility 
of contamination by fly ash, : 


Fly Ash Cause of Deposits of Silica. With few exceptions the 
silica content of the boiler water has been maintained at or below 
5 ppm since April 1, 1948. Occasional unexplained increases in 
silica were still experienced, A Study of silica in the boiler water 
showed a relationship between silica increase and the direction of 
the wind. This apparently absurd observation was investigated 


and it was found that with a certain wind direction, fly ash from . Discussion 
the stacks Was blown into an open vent and entered the boiler 
feedwater system, Further investigation found that certain C. U. Savoye, This paper is one of those rare exceptions in 


operations caused the manhole lid on a condensate-water storage Which anyorte, other than the boiler manufacturers, is willing to 
tank to blow off. With this lid off, ¢he roof vent caused a posi- make the Statement that “the Water circulation in the boiler js 
tive draft across the tank. This tank js located in the same room Satisfactory, 2g 

with the forced- and induced-draft fans, and the hydromix vabves Long live Mr. Hankison and Mr. Baker! 

for removing the fly ash from the Cottrell precipitator, At times, It takes less than half an hour to read this paper and to under- 
the air in this room carries large quantities of fly ash which Were Stand the results Which seem so simple. It was quite a different 
drawn into the condensate tank. Correctives were applied, ™Atter for West Penn Power, looking into the Problem from the 
and the unexplained high peaks in the silica content of the boiler front end. At that ume they questioned everything, including 
Water have been reduced but have not disappeared entirely. boiler circulation; but Instead of taking sides against it, they 
It is hoped that when all desired changes are made, silica in the Started out in their typical unbiased fashion to determine just 


boiler water due to fly ash will be eliminated. What was the true cause and to cherish whatever they found. 
Figs. 3 and 4 show these changes in diagrammatic form. Obviously this attitude led them to the, unexpected, 
The benefits of the elimination of the fly ash have been shown I do not know w hether or not the West Penn people make a_ 


by the maintenance of the silica in the boiler Water below 5 better quality of electricity than any other power company, but 
PPM since this source of contamination was discovered. Proof they should be high up among the electrical lum tums if there is” 
of ihe reduction in silica contamination is shown by the third. any validity in that little inscription on my package of sodium 
stage pressure on the turbine which has been constant at about bicarbonate, ie., “The priceless ingredient im any product is the 
145 psi for the past 5 months. Reduction of silica in the boiler character and integrity of its maker, 

water has been made, but complete elimination is still a problem Avrnone’ Crosuns 
of the future. 

. It is indeed hard to present a suitable closure to such a dis- 

cussion as Mr. Savoye has presented, and it now Seems right and 

The conclusions of the study are as follows: Proper to simply thank the discusser for his very kind words, 

‘ It may be in order to state that the months between the time 

the paper was Written and the present confirm the findings given 

in the paper in every particular. To those who are stil] fighting 

silica, it will be of interest to advise that a period of six weeks 

has just elapsed (April 20, 1950) during which time no blowdowns 

were made on the No, 77 boiler and the silica concentration in 

the boiler water has nol exceeded 3.5 ppm. 


CoNncLUsIONS 


1 The water circulation in the boiler is satisfactory, 

2 Continuous chemical treatment is needed to obtain satis. 
factory boiler-y ater conditioning with the maintenanee of mini- 
mum concentrations of conditioning chemicals. 

3 Copper will remove sulphite from boiler-water samples, 
Steel should be used for sampling lines, e voling coils, and discharg> 
tubes for collecting boiler-water Samples, 

$ Sulphite determinations may be in error if the Sample js 


® Executive Assistant, Babcock €& Wilcox Company, New York, 
‘ollected at or above 80 F. N.¥. Mem. ASME, 
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An Automatic Degasser for Steam Sampling 


in Power Plants 


By H. M. RIVERS,! W. H. TRAUTMAN,? ano G. W. GIBBLE® 


Electrical conductivity procedures are widely preferred 
for measuring the purity of condensed steam. Because 
gases such as carbon dioxide and ammonia contribute to 
the conductivity as do dissolved salts carried over from the 
boiler, interpretation of conductivity measurements may 
be somewhat uncertain. A new degasser has been de- 
veloped which automatically splits a steam sample into 
two approximately equal streams of condensate, one 
containing all solid impurities, the other containing all 
gaseous impurities in the original sample. Heat-exchange 
elements are combined in a unique way which guarantees 
that the weight ratio of one stream to the other will remain 
substantially constant. Both streams pass through con- 
ductivity flow cells so the degree of contamination can be 


measured continuously by conductometric means. 


IECAUSE of the accuracy and ease with which the electrical 

conductivity of steam measured 

(1),* procedures are widely preferred 
almost to the exclusion of all other methods—for precise deter- 
mination of steam purity. Interpretation of the conductivity 
measured directly on a condensed sample of steam is frequently 
uncertain, however, because gases such as carbon dioxide and 
ammonia contribute to the conductivity just as do the dissolved 
Fither 
these gases must be removed from the sample before conduc- 


condensate can be 


conductivity 


salts which may have been carried over from the boiler. 


tivity is measured, or they must be determined by chemical 
analysis so that a suitable correction can be applied. The latter 
procedure is cumbersome, time-consuming, and unsuitable when 
steam purity is to be determined continuously. Therefore an 
efficient steam-sample degasser, automatic in operation, is an 
essential requirement for continuous determination of steam 
purity by conductometric means. 

Various devices have been developed in recent years to remove 
gaseous impurities from steam samples (2). ‘In general, these 
devices operate by first condensing the sample completely. The 
resulting ¢ondensate is then either distilled, aerated, or subjected 
to vacuum in order to expel the dissolvéd gases. These tech- 
niques are reasonably effective for removing gases present in 
simple solution. However, all gases which can contribute to 
conductivity, such as the ammonia and carbon dioxide commonly 
present in steam, react with water, forming ionized compounds 
Only the undissociated fractions of these dissolved gases behave 
as gases and are relatively easily removable. The dissociated 
or chemically combined fraction is very much harder to eliminate 

! Service Department, Hall Laboratories, Inc., Pittsburgh, Pa. 

? Research Department, Hall Laboratories, Inc. 

3 Formerly with Hal! Laboratories, Inc:; now with Arabian-Amer- 
ican Oil Company, Ras Tanura, Saudi Arabia. 

* Numbers in parentheses pefer to the Bibliography at the end of 
the paper. 

Contributed by the Joint Research Committee on Boiler Feedwater 
Studies and the Power Division and presented at the Anaual Meet- 
ing, New York, N. Y., November 27-December 2, 1949, of THe 
AMERICAN Socirery OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their avthors and not those of 
the Society. Paper No. 49—-A-74. 


by customary procedures. Ammonia especially and earbon 
dioxide to a lesser degree exhibit this behavior. 

Ample experience in the past has shown how difficult it is to 
remove these dissolved gases from steam already condensed. 
The degasser to be described eliminates this problem altogether, 
simply by preventing the gases from becoming dissolved to any 


appreciable extent in the first place. 
OPERATION OF DEGASSER 


Fig. 1, a schematic diagram, shows the principal parts of the 
degasser. Operation is first described briefly and is then ex- 


plained with additional details. 


1 Steam, throttled to between 15 and 100 psig, enters the 
double reboil coil A immersed in a condensate pool in the sepa- 
rator. ‘Heat exchange takes place between the fluids inside and 
outside of the coil. Steam in the coils is partially condensed 
before discharge through orifices, and condensate in the pool 
around the reboil coils is continuously boiled to eliminate traces 
of gases, 

2 Uncondensed steam passing upward in the separator con- 
tacts the outside of the revaporizing chamber B. Partial con- 
densation occurs, with water returning to the pool around the 
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reboil coil A. The residual steam, containing gases, goes out the 
top of the separator. 

3 The steam containing the gases (“gas fraction’’), after 
leaying the separator, is completely condensed in condenser C. 

4 The condensate leaving C is passed into revaporizing 
chamber B, where it absorbs heat from the steam on the outside 
and is completely vaporized, effecting the partial condensation 
in the separator, as mentioned in 2. 

5 The gas fraction leaves the revaporizing chamber in the 
separator, is then condensed and cooled in condenser D, passes 
through conductivity flow cell G, and overflows to waste. 

6 The water in the pool surrounding the reboil coil A 
contains the solids originally present in the steam but essentially 
no gases. This “solids fraction’’ overflows into a float chamber 
from which it issues continuously through float valve F. 

7 The solids fraction is then cooled in cooler E, passes 
through conductivity cell 8, and overflows to waste. 


Reboil coil A does three important things: (a) Partial con- 
densation of the steam sample provides water in bulk to collect 
all solid impurities in the original steam. (5) Condensation 
occurs only at boiling temperature; as a result of the low partial 
pressures of the gases and their lower solubility at higher tem- 
perature, they can contaminate the condensate only to a very 
slight extent. (c) Boiling outside coil A removes any traces of 
gas which may be picked up by condensate dripping down from 
the revaporizing chamber B. Thus all solid impurities—but 
practically no gases—remain in the condensate which overflows 
from the pool at A, and finally leaves through the float valve F. 

* Cooled to room temperature at E; this stream of condensate is the 
solids fraction. 

Heat given up by steam condensing in reboil coil A generates 
an equivalent amount of steam outside coil A. Condensate 
formed in coil A passes out of the orifices along with steam and 
then drops back into the pool, replacing the liquid lost by evapora- 
tion there. Thus the steam flow upward through the degasser 
is equivalent in weight to the total flow of steam sample. 

Steam rising through the degasser passes revaporizing chamber 
B where some condensation occurs. This condensate (also 
substantially free from gas because it forms at bigh temperature 
and under low partial pressure of gases) falls into the pool where 
it is subjected to further reboiling. . 

All steam leaving the separator is completely condensed in C. 
This condensate is revaporized completely in B because of the 
pressure differential which is maintained between the outside 
and inside of this revaporizing chamber. - In the process, an 
equivalent amount of steam is condensed outside of B. For 
each pound of steam leaving the outlet of B, essentially a pound 
of condensate drips back into the pool and eventually dischargés 
through F. The steam sample is thus split automatically and 
continuously into two streams flowing at nearly equal rates, the 
solids fraction, substantially gas-free, and the gas fraction, sub- 
stantially devoid of dissolved solids. 

Since all the solids are er centrated in a fraction comprising 
about one half of the original weight of stéam, andthe gases 
are in a fraction of corresponding size, ‘“‘magnification” of the 


two types of constituents is obtained. In each case the measured 
conductivity is multiplied by a factor which will approximate 
0.5 to put the results on an original sample basis. The factor 0.5 
ean be approached closely if condensation in the steam-sample 
lines is minimized. This is accomplished “by using small 
sample lines as short as possible, and by insulating thoroughly. 

Since the concentration of solids in the solids fraction is about 
double that of the original sample, the accuracy of steam-purity 
measurements by conductometric or chemical means is materi- 
ally improved, particularly when the amount.of contamination 
is slight. For certain special studies such as ‘investigations of 


JULY, 1950 
“volatile silica’’,or “selective carry-over,’ an even further con- 
centration of solids in the solids fraction can be effected by bleed- 
ing off a portion of condensed gas fraction after condenser C, If 
a valve is inserted and used for this purpose, operation is no 
longer inherently automatic, but still will be reasonably stable. 
Often it is desirable to have a continuous indication of total 
content of gases in the steam. A recording of the conductivity 
of the gas fraction serves.admirably for this purpose. In sorne 
cases‘it may be necessary to determine how much carbon dioxide, 
ammonia, hydrogen sulphide, or other gas is individually present. 
While this cannot be done conductometrically, the gas fraction 
provides a convenient concentrated sample for such analysis by 


. chemical means:. 


ComMerctaL Unit 


The degasser* is shown completely assembled and ready’ for 
use in Fig. 2. | Its total weight is about 90 lb with outside dimen- 


Fic. 2. Tae Commericat Unit 


sions 40 in. X 24in. X 9in. The case is made of stainless steel 
to withstand corrosive atmospheres. All parts which contact 
steam or condensate flowing to the conductivity cells are fabrica- 
ted of 18-8 stainless steel, thereby minimizing contamination 
of the sample. Regulation of cooling-water supply is easily 
accomplished by means of separate valves to the three coolers. 
Gages are provided to indicate the pressure of the throttled-steam 
sample and the operating pressure in the separator. Dial 
thermometers measure the temperatures of the condensed solids 
and gas fractions passing through the conductivity cells included 
with the equipment. 
The conductivity cells which are am integral part of the de- 
gasser are small in volume, thus minimizing lag in response to 
any change in sample composition. Cells will ordinarily have a 


Manufactured by Hagan Corporation, Pittsburgh, Pa. 
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0.1 constant. However, for Very pure steam, it is sometimes 
advisable to magnify readings, particularly when results are below 
1 micromho. Thus if a 0.01 constant cell is substituted, a read- 
ing of 0.6 micromho, for example, which may be hard to follow 
at the edge of some charts, can be brought toward the middle of 
the charts. 

The degasser is quite simple to install and can be moved from 
place to place with ease. 


Factors PropuciInG DEPENDABLE AUTOMATIC OPERATION 


In any degassing process, some-water vapor must be vented 
away to remove the gaseous contaminants. If only a negligible 
fraction of the total sample is vented off, the high concentration 
of gas in the vented vapor tends to prevent complete gas removal 
from solution, On the other hand, if venting is copious, the 
volume of the remaining sample will be appreciably smaller, 
with the result that its solids content will be higher than in the 
steam undergoing test. These facts are almost universally 
ignored, with no attempt being made either to measure the vent 
loss or to control it within any but the widest of limits. Precise 
control over the rate of venting normally requires painstaking 
adjustment of cooling-water supply in proportion to rate of 
sample flow. This requirement for careful adjustment of sample 
and cooling-water flow rates—which generally must be done by 
hand—represents a serious shortcoming of most continuous de- 
gassers in use at the present time. 

In the present degasser, this difficulty has been overcome effec- 
tively by the new combination of heat-exchange elements, the 
heat balance for which is presented in detail in the Appendix. 
The automatic method of splitting a continuously flowing steam 
sample into two nearly equivalent fractions depends on the ther- 
mal properties of steam and water—and nothing else. Since 
the total heat content of steam varies but little over the whole 
range of pressures encountered, the performance of the degasser 
is virtually independent of original steam pressure and operating 
pressure in the separator. Changes in rate of sample flow also 
have little effect. Fluctuations in temperature and pressure of 
the cooling water will affect the heat content of condensate leaving 
condenser C, but this variable is insignificant in ¢omparison with 
the total heat value of steam, which governs the over-all heat 
balance. 

Sample calculations in the Appendix assume certain values 
which represent extreme irregularities in such operational varia- 
bles as original steam pressure, operating pressure in the de- 
gasser, sample flow rate and cooling-water temperature. It is to 
be taken for granted that these variables cannot always be held 
steady under practical plant operating conditions. * Yet, in spite 
of the extreme conditions assumed, the ratio of solids fraction to 
total sample theoretically should not vary as much as 2 per cent. 

This’ prediction has been consistently verified by field tests 
under actual plant operating conditions. In a given installation, 
the ratio of solids fraction to total sample remains substantially 
constant, varying no more than 1 to 2 per cent over long periods 
of time. The constancy of this ratio is altered only by virtually 
complete blockage of the cooling-water supply. On the other 
hand, to the extent that liquid water is carried over with the 
steam entering the degasser, the solids fraction will be increased 
in amount, as well as in conductivity. ‘If gross carry-over oc- 
curs, the normal split will be restored when the carry-over 
ceases. 

When the conductivity of a sample is to be measured con- 
tinuously, it is important that the cell temperature be main- 
tained at a nearly constant value so that the temperature com- 


pensator on the conductivity recorder will not have to be reset. 
The cooling coils D and E are generously designed in regard to 
heat-exchange surface, 


and they receive a copious supply of 
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cooling water. As a result, regardless of normal variations in the 
operation of the degasser, effluent temperatures of the two frac- 
tions remain practically constant. While it is desirable to inspect 
the apparatus daily, adjustments of any kind are seldom neces- 
sary. During operation, the degasser requires no more personal 
attention than any other instrument used continuously as a guide 
to boiler operation. 

To be of greatest value, steam-purity data must correspond, as 
nearly simultaneously as possible, with records of other conditions 
of boiler operation, i.e., steam pressure, load, water level, ete. 
Every effort has been made to keep the liquid retention at a 
minimum so as to reduce time lag in the degasser. At normal 
sampling rates of approximately 30 lb per hr, only about 1 min 
elapses between an incident of steam: contamination and the 
corresponding effect on the conductivity of the solids fraction. 
With this negligible time lag in the apparatus, momentary changes 
in steam purity are not blunted or obscured by dilution and the 
recorded conductivity can be compared readily with other boiler 
operating data. 

Fietp ExperRteNce WITH THE DEGASSER 

The degasser has been field-tested in more than 25 plants to 
date. In practically all cases the effect of gases in the steam has 
been eliminated altogether. No measurable amount of carbon 
dioxide has ever been found in the solids fraction, even when a 
large quantity of this gas was purposely introduced into the inlet 
steam. Ammonia concentrations in the range of 2 or 3 ppm 
have been removed to such an extent that the insignificant re- 
sidual amount could not be measured accurately by chemical 
means. In a few severe cases—deliberately chosen because of 
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extreme ammonia contamination in the range of 10 to 25 ppm 
the gas error was reduced to a very low and uniform value which 


permitted a simple correction to be made by conventional’ 


methods (3). Under all circumstances, at least 95 per cent of the 


ammonia entering has been removed. 


The conductivity record shown in Fig. 3 was obtained during 


steam-purity tests on a 40,000-lb per hr boiler at a chemical 
plant. Saturated steam at 400 psig was sampled by means of a 
collecting header between the steam purifiers and inlets to the 
superheater tubes. The conductivity of the gas fraction re- 
mained relatively constant, showing only minor variations which 
were associated with irregularities in rate of feedwater admission 
to the 4 oiler. Through most of the time covered by this chart, 
conductiyity of the solids fraction fluctuated widely, revealing a 
severe carry-over condition. This particular case provided an 

sually neat correlation between boiler load and conductivity 


SOLIDS "(souns sens FRACTIONS) ] 
RECOMBINED 


= 


4 


4 Conpvuctiviry Recorp From a Steet SHowinc Low 


Constant Fraction anp VARIABLE ToTat STEAM SAMPLE 
(Multiply chart readings by 10.) 


of the solids fraction, the respective values inereasing and de- 
creasing simultaneously and proportionally. * 

In contrast to Fig. 3, Fig. 4 presents the situation at a steel 
mill where gas content was extremely high and irregular while 
solid impurities remained very low and uniform. Conductivity 
due to solids represents only a small part of the total conductivity 
of solids and gases combined. Without the degasser, the dif- 
ficulty in determining whether variations in conductivity were 
due to gas, to solids, or to both had previously prevented any 
certain conclusion concerning the extent to which carry-over 
might be occurring. 

At the steel mill the solids fraction was practically: constant at 
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about 53 per cent of the total sample flowing. This relationship 


was determined easily by measuring the volumes of soliils-frac-. 


tion and gas-fraction condensate collected simultaneously for a 
giyen interval of time. The ratio of solids -fraction to total 
sample was used as a multiplying factor to convert conductivity 


to the basis of the original sample. Of course corresponding 


data for the gas fraction can be converted to an original-sample * 


basis in a similar way. i 
A single factor is used frequently to interpret the solids- 
fraction conductivity directly in terms of ppm total solids in the 
original steam. For example, at the chemical plant where Fig. 3 
wus developed, the sotids fraction represented 56 per cent of the 
Assuming that 1 micromho of conductivity 
is equivalent to 0.65 ppm of dissolved and ionized solids, concen- 
tration of solid impurities in the original steam was found -by 
multiplying the indicated conductivity by 0.56 X 0.65, or 0.36, 
It will be noted that a larger solids fraction flowed from the 
legasser At the chemical plant than at the steel mill. This came 
ut because of a longer sampling line at the chemical plant. 
e greater the heat loss and attendant- condensation in the 
ipling line, the larger will be the solids fraction, as shown 
thematically in the Appendix. 
An incident occurred at one plant which indicates the need for 
lly automatic conductivity-measuring equipment. Tiree 
lers were operating at maximum capacity. Without warning, 


total steam sample. 


gears driving the induced-draft fan on the boiler next to that 


ached to the degasser stripped. Although the whole plant was 
automatic control, furnace gases, dirt, and the escape of steam 

m safety valves forced the men observing the test to leave 
irriedly. With one boiler off the line, the two remaining were 
ibjected to chaotic operation involving dropping of pressure arid 
of water level in the drum. ° 
On the return of the observers, the degasser 
was found to be operating narmally. Both before and after the 
disturbance, conductivity of the solids fraction was low, indi- 
eating excellent operating conditions. Unfortunately, in this 
particular instance, only manual conductivity-measuring equip- 
nt had been available so that a complete record was not made. 

At another plant, a coal fire in a bunker produced very erratic 
Personnel were ‘required 


Aboyt 20 min elapsed before condi- 
tions were stabilized. 


operation of a nearby 600-psig boiler. 
elsewhere and no attention could be given to the degasser, which, 
however, continued to function normally. Subsequent in- 
spection of the continuous record showed the boiler had de- 
livered quite pure steam through the whole period. 

The degasser has proved very easy to start up. For example, a 
unit was installed to vest the purity.of steam generated by a 125- 
psig evaporator. The evaporator was shut down and drained 
without touching the degasser. When steaming of the evaporator 
was resumed, the degasser started to operate automatically. 
In this case there was no shutting off or opening of valves nor 
any adjustments. 

Even relatively minor physical changes may be reflected in 
conductivity measurements made with the degasser. 
fire-tube boiler operating at 150 psig has been employed in testing 
degassers and for providing final design data for certain of the 
degasser components. The intermittent introduction of feed- 
water to this boiler showed up very clearly on the conductivity 
record of the gas fraction. Air introduced with the feedwate: 
flowed through the gas-fraction conductivity cell and, by lessening 


electrode contact, produced a slight but quite notice eable drop in * 


conductivity. 

At one central heating plant, the correlatidn between load anc 
conductivity was particularly close. In the morning, with 
increasing demand, conductivities of both solids and gas fractions 
More carry-over was produced: and more’ gases 
At the end of 


tended to rise. 
were introduced into the system per unit time. 
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the business day, with dropping load, conductivities of both 
fractions dropped. 

By using the degasser in acceptance tests on a new boiler, it 
was possible to prove rapidly as well as conclusively that negligible 
carry-over existed even at high loads, high water levels, and high 
boiler-water concentrations 


SUMMARY 
\ new degasser has been developed with the following features: 


1 Under normal operating conditions substantially all ioniza- 
ble gases are removed from the solids fraction. Even in extreme 
cases 95 per cent or more are removed. ; 

2 
ployed, operation is automatic and cannot be affected materially 
by even abnormal changes in boiler operation. 

3 Since steam and condensate flowing to the cells contact 
only stainless steel, minimum pickup of contaminants is assured. 

4 The time interval from entrance of steam into the degasser 
to the passage of degassed condensate out of the conductivity flow 
cell for the solids fraction.is of the order of | min. The averaging 
effect of holdup in blunting or spreading out over a period of time 
momentary conductivity changes is avoided. 

5 Since the lag is small, conductivity-recorder charts made in 
conjunction with the degasser can be compared readily with 
steam flow,-superheat temperature, or other operating charts to 
obtain a coherent over-all picture of the data. 

6 The conductivity of the gas fraction is measured simultane- 
ously by a second cell. The gas fraction can also be easily di- 
verted for chemical analysis. 
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Appendix 


Herat BALANCE FOR THE DeGASSER 


Heat balance is calculated for a system consisting 6f the steam- 
sampling line and of the separator shown in Fig. 1. 
The following nomenclature is used in the Appendix: 


¥ 


Because of the inherently stable thermodynamic cycle em- * 


H, = enthalpy of steam sample at sampling point, Btu per Ib 

H, = enthalpy of gas-fraction vapor leaving separator, Btu per 
Ib 

he = enthalpy of solids-fraction liquid leaving separator, Btu 
per lb 

hs; = enthalpy of condensed gas-fraction liquid leaving con- 
denser C, Btu per lb 

H, = enthalpy of revaporized gas fraction leaving revaporizing 
chamber B, Btu per Ib 

L = total heat loss from separator and sampling-line surfaces, 
Btu per hr 

W = flow rate of total steam sample, lb per hr 

S = flow rate of solids fraction, lb per hr 

G = flow rate of gas fraction, lb per hr 


Development of Equations: 


Total heat entering system, Btu per hr = WH, + Ghy...... {1} 
Total heat leaving system, Btu per hr = Sh, + GH, 
+GHe+L...... 
G=W—S.. 
Equating {1] and [2], and substituting [3] 
WH, + (W — S)hs = Sh. + (W — S)(H2 + Hy) + 
S(H2 + hy) = + Hi — Hi [5] 
(S/W)(H2 + Hy — hz — hs) = H. + Hy — — hy 
+ L/W..... 
Therefore 
S H; + He — Hi —hy + L/W (7) 
H, + Hy — hi 
G/W =1— S/W [S| 


Ranges in Variables. The solids fraction (S/W) and gas frac- 
tion (G/W) remain substantially constant in spite of wide fluctua- 
tions in the following variables: 


the sampling point; 


(a) Pressure of original steam at 
(6) steam pressure in the separator; (c) 
cooling-water temperature and rate of flow; (d) pressure of steam 
exhausting from revaporizing chamber B; (e) total heat loss 
from separator and sampling line; and (f) sample flow rate. The 
variations assumed are considerably greater than any likely to be 
encountered under normal operating conditions. 

(a) In general, the pressure of saturated steam must vary from 
about 80 per cent to over 100 per cent to effect a change of 1 per 
cent in total heat content. Therefore most boilers deliver steam 
whose enthalpy is substantially constant despite normal fluctua- 
tions in pressure. Assume an extreme condition in which drum 
pressure fluctuates between 300 and 450 psig. 

(b) Although steam pressure in the separator normally does 
not vary more than 2 or 3 psi, assume that it may range from a 
minimum of 5 psig to a maximum of 15 psig. 

tc) Temperature and volume of cooling water generally can be 
controlled so as to hold the temperature of condensate leaving coil 
C within 5 deg F’of any desired value. 
this temperature varies from 60 to 80 F. 


However, assume that 


(d) Pressure of exhaust from revaporizing chamber B is not 
dikely to fluctuate as much as 10 psi; but, as an extreme case, as- 
sume that it may range from 0 to 10 psig. 

(e) Heat losses can be kept at a minimum through use of short 
well-insulated sampling lines and adequate insulation on the ap- 
paratus itself. Field tests indicate that the total heat loss can be 
reduced to about 1500 Btu per hr or less. It remains practically 
constant, for a given installation, being only feebly affected by 
reasonable changes in room temperature. Assume that this varia- 
ble may range from 1425 to 1575 Btu per hr OS 
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(f) Although it is difficult to maintain a precisely constant 


sample flow rate, simple devices (needle valve, orifice, capillary’ 


tubing, pressure-regulating valve) may be used to hold this flow 
reasonably steady. Assume that the sample flow rate may be 
anything from 25 to 30 lb per hr. : 

Constancy of Solids Fraction. The independent variables can 
be arranged according to their minimum and maximum values as 
in Table 1. The thermal values for steam and water were ob- 
tained from tables (4). 


TABLE 1 RANGE OF VARIABLES 


Variable Minimum value 
Ay . (300 psig) 1203.3 Btu per lb 450 psig) 1204.6 Btu per lb 
. ( 5S psig) 1156.3 Btu per lb 15 psig) 1164.1 Btu per lb 
( Spsig) 196.2 Btu per lb ( 15 psig) 218.8 Btu per lb 
(60 F) 28.1 Btu per lb ( 80° F) 48.0 Btu per lb 
( Opsig) 1150.4 Btu per lb ( 10 psig) 1160.6 Btu per lb 
1425 Btu per hr 1575 Btu per hr 
25 lb per hr 30 lb per hr 


Maximum value 


By suitable substitution of the values given in Table 1 in- 


Equation [7] minimum and.maximum values for the S/W ratio 


can be readily calculated. 


1156.3 + 1150.4 — 1204.6 — 48 + (1425/30) 1101.6 
1156.3 + 1150.4 — 196.2 — 48 ~ 2062.5 
= 0.534 or-53.4 per cent 


Minimum value for S/W ratio: 


with 
G/W = 0.466 or 46.6 per cent 


Maximum value for S/W ratio: 


1164.1 + 1160.6 — 1203.3 — 28.1 + (1575/25) 1156.3 


~ 2077.8 


= 0.557 or 55.7 per cerit 


: 1164.1 + 1160.6 —218.8 — 28.1 


with 
G/W = 0.443 or 44.3 per cent 


Thus the solids fraction varies only from 0.534 to 0.357, and 
the gas fraction from 0.466 to 0.443, although the controlling 
variables go through their entire ranges. he 


Discussion 


O. M. Exuiotr.* The authors are to be congratulated for the 
development of a practical and usable improvement for steam- 
sampling degasification. It appears that this improvement will 
make the steam-degasifying and testing technique simple enough 
for any plant man to dbtain reliable ‘steam-contamination data. 
It is interesting to see how the authors have added to the previous 
work of Rummel, Gurney, Schwartz, Crosson, Straub, Nelson, 
Powell, Joos, and many others who have developed practical 
degasifying equipment for steam-conductivity measurements. 
Freeing the plant operators from the necessity of frequent adiust- 
ment of the degasser is a step in the right direction. 

It is to be expected that degasification with this new equip- 
ment will be practically complete for most locations where the 
amount of ammonia in the steam is reasonably low. Where 
the amount of ammonia in the steam is high, difficulties can be ex- 
pected with any degasifying equipment. It would be a welcome 
addition to the paper if in the written closure the authors would 
present detailed chemical data to show the degasification effi- 
ciency of the Hagan equipment for those more difficult conditions 
where ammonia is a problem. In particular, it would be useful 


Water Conditioning Engineer, Sun Oil Company, Philadelphia, 
Pa. Mem. ASME. 


and easy to compare the NH; removing efficiency of the degasser 
to the simple expedient of boiling the totally condensed steam 
sample to the '/s 


volume in an open flask to remove the gases. 
Many of us have used this simple '/.-volume boiling sohution to 
the degasifying problem .for quick spot tests for a number of 
years. The Hagan organization has undoubtedly made this 
comparison in cases of extreme ammonia contamination, and the 
observed results would be a most useful addition to this paper. 

Those who ‘are less familiar with the Hecht and McKinney 
steam-conductivity method than the authors, should recall that 
this method only measures ionized contamination. Suspended 
solids in the. condensate will not be ionized. Also, there are dis- 
solved solids such as silica and iron with such a low order of con-. 
ductivity that they will not be represented properly by conduc- 
tivity tests, althéugh they may be present in appreciable concen- 
trations. 


P. B. Puace.? The development of an effective degasser, and 
particularly one having stable and automatic operational control, 


. is amost-weleome addition to the art of’steam-sampling and test- 


ing. 
For muny years, inconsistencies in steam-purity tést results by 
conductiyity have been evident in that the purity values have 


not reflected variations in steam output and/or boiler-water ° 


concentrations. In practically all cases, except where drum in- 
ternal leakage has been involved, the measured steam conduc- 
tivity has remained practically constant when steam flow and or 
boiler-water concentration was increased or decreased several- 
fald. In some cases the conductivity values have been lower at 
the higher ratings and concentratiens. : 

A possible interpretation of this inconsistency is that che yaria- 
tion in actual steam impurity is so small that it is completely sub- 
merged by sample-line contamination and residual gas effects on 
conductivity. It is gratifying to note that in the author’s Fig. 4 
the solids-fraction conductivity is in the order of '/, micromho, 


a value that is roughly 4 times the impurity content, in- ppm- 


Such low values have been conspicuously rare in steam-purity 
tests to date, and it seems possible that a new conception of the 
purity of commercial steam may be in the making. : 

It is hoped that further papers on this apparatus will be forth- 
coming in the near future, in which a comparison will be made 
with results obtained by some of the current methods such as 
evaporation and gravimetric determination of impurity, and cor- 
rection for. gases by chemical titrations. It would’also be of 


interest to run gravimetric determinations on a silica-free gas 


fraction to see whether a solids-free result can be obtained by this 
method. 

The steam-sampling rate of 30 lb per hr for this degasser seems 
rather low. Sampling rates should be sufficient to reduce any 
sampling contamination to a minor proportion of the measured 
conductivity. Low rates of flow are not generally adequate to 
insure good distribution of sampling with the usual perforated 
sampling nozzle. Very little reliable data are available along this 
line, however. 

The variations in conductivity of the solids fraction in the 
authors’ Fig. 3, which aré assumed to be the result of changes in 
steam output, are typical of the characteristics of a.small leakage 
carry-over rather.than a riormal variation due to ratingalone. It 
would be expected that the conductivity of the gas fraction would 
show some variation, in view-of the fact that gas liberation is a 
function of feedwater flow rather than steam output, and feed 
flow would change with changes in rating. 

The significance and interpretation. of steam-purity test re- 


7 Research and Development Engineer, Combustion Engineering- 
Superheater, Inc., New York, N. Y. Mem. ASME. 
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sults lie more in the manner in which conductivity values vary 
with changes in operating conditions than in their absolute 
value. It is therefore important that all such data be accom- 
-panied and correlated with such operating conditions as changes 
in feedwater and steam flow, changes: in water level, 
changes in boiler-water concentration. 


and 


8. T. Powei..* The fundamental principle upon which the 
*degasser operates is sound and the method described by the 
authors for sampling steam is a definite improvement over earlier” 
practice. Previous sampling technique was inadequate when 
ammonia and carbon dioxide were present in the steam in large 
quantities. The apparatus and its operation are more complex 
than some other equipment for this purpose but, where critical 
conditions are expected, such refinements may be justified. 

The procedure of actually degassing samples thor yughly rather 
than trying to analyze chemically and then correct for 
ammonia and carbon dioxide is less time-consuming .and 
has much merit, since it makes available a continuous record under 
all conditions and avoids subsequent recaleulations to eompen- 
sate for entrained gases. 

The equipment illustrated in Fig. 2 of the paper appears to be 
well arranged and can be co-ordinated with other control instru- 
ments without complicated adjustments. The present trends in 
power-station design, and especially the trends to higher boiler 


pressure and temperature make the need for such appliances of . 


growing importance. 


W. L. Wess.’ Because of the problem of scale formation 
from the use of surface and well waters for cooling steam and 
water samples, some plants, including the major stations of the 
American Gas and Electric System, are employing condensate 
from the eyeles for cooling purposes. This plan commonly re- 
sults in locating all of the sampling equipment for a unit at one 
common point both for the operators’ convenience and to re- 
duce the cost of cooling water and drain piping. This practice 
often results in sampling lines 100 ft or more in length. 

In employing the Hagan degasser on samples conveyed through 
long lines, an insulation problem will result if the total heat 
losses, including those of the sampling line and of the degasser, 
are to be limited to the order of 1500 Btu per hr. Prospective 
users of the degasser would be interested in knowing to what ex- 
tent heat losses in excess of this value affect performance. 

In order to permit locating the degasser a considerable distance 
from the steam-sampling point, might it not be feasible to in- 
crease the sample flow rate and by-pass a portion of the sample to 
waste, provided there can be certainty that the portion entering 
the degasser is representative of the sample taken. An alternative 
plan might be to insert the sample tubing inside a line through 
which steam can be passed, in order to reduce loss of heat from 
the sample. The authors may wish to express their views on 
these proposals. 

It is understood that the degasser can be used on steam from 
any source, provided it enters the reboil coil A at 15 to 100 psig, 
and that its heat content is such as to give an acce ptable propor- 
tion of solids fraction to gas fraction. Can the authors state the 
permissible limits of this ratio as influenced by the gas concen- 
trations in, the sample? . 


Avtuors’ CLOSURE 


The several discussers have made a valuable contribution to the 
paper as a whole, and their efforts are sincerely appreciated. 
§ Consulting Chemical Engineer, Baltimore, Md. Fellow ASME. 

* Mechanical Engineering Division, American Gas & E lectric Serv- 
ice Corporation, New York, N. Y 
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Subsequent discussion is confined only to the specifie questions 
which have been raised. 

A tremendous amount of analytical data were collected in 
developing and proving the present degasser. In every instance 
where degaseers of this type have been used in the field, the so- 

called ‘ * has been eliminated so completely that it no 

longer ofected the reliability of the test data. A tabulation of 
gas residuals found in the solids fraction—mainly zero or bare- 
trace values for ammonia, and always zero for carbon dioxide— 
hardly seemed justified. However, in answer to Mr. Elliott’s 
question regarding efficiency of gas removal under difficult 
conditions, steam at a certain steel mill contained 26 ppm of 
ammonia (the highest encountered to date); 
despite this unusually severe contamination, 98.5 per cent of the 
total ammonia was carried off in the gas fraction, leaving a con- 
centration of only 0.7 ppm in the concentrated solids fraction. 
As Mr. Elliott and Mr. Place suggest, many 
be made, not only to compare the present degasser with other 
methods of disposing of the gas error, but also to develop and 
expand our knowledge of steam contamination in general. It is 
hoped that the results of some of these studies can be presented 
in subsequent papers by engineers who have been using the de- 
gasser for some time in their own plants. 

Mr. Place suspects that a sampling rate of 30 lb per hr may be 
inadequate either to minimize the effects of contamination picked 
up from the sample line or to insure good sampling. Condensed- 
steam samples frequently contain appreciable amounts of iron, 
but it is not safe to assume that all of this iron comes from the 
A goodly portion of it may exist as a contaminant in 
the original steam sample. when the steam sample 
flows through a considerable length of bare or lightly insulated 
pipe, as it does in many cases, hot condensate formed in the line 
may tend to pick up some iron. The possibility of such con- 
tamination is minimized with the present degasser, which uses 
short, well-insulated sample lines of small diameter, Where 
warranted, stainless-steel piping could be used to obviate con- 
tamination. As Mr. Place states, few reliable data are available 
concerning optimum steam-sampling rates. The first require- 
ment of any steam sampling and testing procedure is that it 
provide purity data which can be accurately correlated with all 
conditions of boiler operation. This requirement has been well 
satisfied in tests with the degasser in many plants at sampling 
rates of about 30 Ib per hr. While the present apparatus will 
accommodate flows higher than 30 Ib per hr, little is gained by 
higher sampling r: = so far as actual interpretation of the purity 
data is concerned. 


gus error’ 


concentration 


valuable studies can 


sample line. 
Of course, 


\ degasser could be built to any capacity 
whatever, but one important point should be remembered in this 
connection. Loss of heat in the steam sample, and the cost of 
water for cooling set a limit to the sampling rate which ean be 
justified economically. This is especially true of permanent de- 
gasser installations. 

A moderate amount of scale in the heat exchangers wil] not 
disturb the degasser’s performance. Where seale-forming tend- 
encies are severe, deposition of seate in the cooling system can be 
effectively prevented by simple and inexpensive chemical treat- 
ment which requires only a few’ minutes of attention once a 
month. Nevertheless, condensate is the ideal cooling medium, 
not only for given by Mr. Webb, but 
the condensate is usually available at fairly 
perature, 


reasons also because 


constant tem- 
Mr. Webb raises an import: int question concerning the possible 
Condensate 
thus added to the solids fraction is not subject to automatic 
control since it does not enter into the basic heat-balance relation- 
ships. If the sample flow rate could be held steady, term LW 


in Equation [7] of the Appendix would remain constant, 


effects of condensation in long steam-sample lines. 


and a 


4 
Py 
hing 
“| 
| 
7 
ai; 
pues pew 
: 
NS 
¥ ‘ 
te to 
A 4 || 
g 
i 
| 
PRA! 


51S 


comparatively high heat loss could be tolerated. It is desirable 
to keep the heat losses as low as possible so that sample flow rates 
can vary over a wide range without affecting the solids-fraction 
percentage. Calculations in the Appendix assume a total heat 
loss of about 1500 Btu per hr; but that is a typical, not a limiting, 
figure. In the plants to which Mr. Webb specifically refers, a 
conventionally insulated sample line 250 ft long should lose heat 
at the rate of about 6100 Btu per hr. Even under these ad- 
mittedly extreme conditions, 10 per cent variations in either the 
total heat loss or the sample flow rate would have no significant 
effect on the accuracy of the test data. Where practicable, the 
expedients which Mr. Webb suggests would eliminate or greatly 
reduce the effeets of condensation in long sample lines; -obviously, 
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every precaution must be taken to insure that a truly representa- 
tive sample enters the degasser. : 
Assuming that heat losses are kept at the usual minimum, the 
solids: fraction will be approximately 50 per cent of the total 
sample. That is assured by the thermodynamic principle upon 
which the degasser is based. In a few cases, where it has been 
impossible to lig the sample lines properly, the solids fraction 


has run as high as 60 or 65 per cent without. loss in efficiency of gas 


rémoval, No studies have been made to determine the limiting 
ratio of solids fraction to gas fraction, as this would entail 
deliberately throwing the degasser out of balance, resorting to 
manual instead of automatic operation, and setting up conditions 
not likely to be encountered in actual practice, © ~ 
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The Quality of Steam Condensate as Related | 
to Sodium Sulphite in the Boiler Water 


By R. C. ALEXANDER! anv J. K. RUMMEL 


Test data and conclusions are given in this paper which 
relate to the effect of various concentrations of sodium 
sulphite on the quality of condensed steam ‘from high- 
pressure central-station boilers. Increase in sodium sul- 
phite beyond certain limits was found to lower appre- 
ciably the pH and to raise the conductivity of the con- 
densed steam. The acid material found in the steam re- 
sembles sulphurous acid. Test data, procedures, and 
equipment are described. ; 


URING the course of a research program, which had for 
| ) »ject the reduction of corrosion in the feedwater sys- 
tems and high-pressure boilers at the Harbor Steam’ 
Plant of the City of Los Angeles, Department of Water and 


Power, efforts were made to increase the pH value of the con- 


‘ densed steam and feedwater, without addition of more than 


minimum amounts of alkaline materials. 

A systematic search for the sources of materials which would 
promote acid conditions revealed that an appreciable increase in 
the sodium-sulphite concentration of the borler water caused a 
definite decrease in the pH value of the steam condensate and 
feedwater. Conversely, a decrease in sodium-sulphite concen- 
tration caused an increase in pH. It was observed that simul- 
taneously with the lowering of the pH value below 8, the con- 
ductivity of the steam condensate was increased. Likewise the 
amount of reducing material in the condensate increased with 
increase in sodium sulphite in the boiler water. These data made 
it evident that if the pH of the steam condensate and the feed- 
water were to be controlled in a satisfactory manner, it would be 
necessary first to confrol the concentrations of sodium sulphite in 
the boiler water. 

With this in mind the authors conducted = joint investigation 
regarding the desirable limitations of sodium-sulphite concentra- 
tion and the other effeets which have been mentioned. Most of 
the work was carried out on the Harbor Steam Plant boilers* 
which operate at 1050 psi, but Rummel‘ has investigated sepa- 
rately the effects of sodium sulphite in boilers at other stations 
which operate at 950 psi and 375 psi, respectively. The operating 
conditions which relate to the data which are presented for the 
Harbor Steam Plant are shown in Table 1. Garman and Rowse® 
have given a complete description of the plant. 

In man, power stations it is customary to feed sodium sulphite 


! Mechanical Engineer, City of Los Angeles, Department of Water 
and Power, Los Angeles, Calif. . 

? Chemical Engineer, Sheppard T. Powell. Consulting Chemical 
Engineer, Baltimore, Md. Mem. ASME. 

’ “Harbor Steam Plant Goes on the Line,"’ by C. P. Garman and 
W.C, Rowse, Power Plant Engineering, vol. 47, June, 1943, pp. 64-69. 

‘ Data Taken by J. K. Rummel at the Redondo Steam Station of 
the Southern California Edison Company and the Seal Beach Steam 
Plant of the City of Los Angeles. 

Contributed by the Joint Research Committee on Boiler Feed- 


» water Studies and Power Division and presented at the Semi-Annual 


Meeting, San Francisco, Calif., June 27-30, 1949, of Tue American 
Socrety or MecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at"ASME Headquarters, Janu- 
ary 6,1950. Paper No. 49-—SA-37. 


TABLE 1 OPERATING CONDITIONS HARBOR STEAM PLANT. 
1050 psi 
552 F 
915 F 
Feedwater treatment: 
Make-up water. Sodium-hydrogen zeolite softened followed by deaera- 
tion and evaporation, 
Feedwater—primary. Proportional feeding of sodium sulphite and pH | 
control with caustic soda. Deaeration and venting of gases. 
Feedwater—secondary. Sodium phosphate direct to boiler plus caustic 
soda and sodium sulphite as required. Continuous blowdown to remove — 
suspended matter and control the dissolved solids in boiler water. 


continuously to the feedwater and to maintain certain concen-— 
trations of sodium sulphite in the boiler water, in order to remove 
any residual dissolved oxygen which may be present in the water. 

The sodium sulphite will react with dissolved oxygen to form 
sodium sulphate, and the use of sodium sulphite to reduce cor-_ 
rosion, due to dissolved oxygen, is an accepted procedure. 

The stability of sodium sulphite in water solution at various: 
temperatures and pressures has been investigated by Taff, 
Johnstone, and Straub’ Their investigation of the decomposi-- 
tion of sodium sulphite in steel bombs at temperatures above 
528 F showed that as the temperature was increased up to 600 
F, the rate of decomposition increased” At 530 F to 535 F the 
rate of decomposition, if any, appeared to be very slow. The 
data which are presented herein are confirming evidence that 
the sodium-sulphite solutions will decompose at measurable rates, 
but the principal decomposition product, which was found, dif- 
fers from that reported by Taff, Johnstone, and Straub.’ This 
may be éxplained by the fact that in the boiler tests, emphasis: 
was placed upon the analysis of the steam condensate whereas in 
the bomb tests the composition of the liquid in the bomb only was” 
observed. 

Hitchens and Purssell® have reported on observations dealing: 
with the behavior 0° sodium sulphite in boilers operating at 625° 
psi, 1400 psi, and 1775 psi. Tests were made for sulphite and 
sulphide as equivalent sulphur, in the saturated and superheated 
steam, and for sulphide in the boiler water. No mention was 
made of a change in pH or conductivity of the steam with a 
change in sodium-sulphite concentration of the boiler water, and_ 
it is assumed that such tests were not made or were not. correlated — 
with the other test data. The lead-acetate indicator-paper 
method used for the determination of total sulphite and sulphide’ 
consumed considerable time and required careful manipulation in 
order to obtain reproducible results. This procedure was not at- 
tempted in securing the data which are reported in this paper. 


ANALYTICAL PROCEDURES 


The analytical tests for the quality of the steam condensate 
included, pH, conductivity, reducing material as equivalent sul- 
phurous acid, and hydrogen sulphide. The last two tests were 
not made for all test runs. 

The pH value and conductivity were determined on flowing 
samples taken through stainless-steel sample lines and cooling 


§ “Decomposition of Sodium-Sulphite Solutions at Elevated Tem-_ 
peratures,”’ by W. O. Taff, H. F. Johnstone, and F. G. Straub, Trans. 
ASME, vol. 60, 1938, pp. 261-265. 

“The Behavior of Sodium Sulphite in High-Pressure Steam 
Boilers,” by R. M. Hitchens and J. W. Purssell, Jr.. Trans. ASME 
vol. 60, 1938, pp. 469-473. 
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coils. A flow cavity, which was made by the authors; for holding 
the samples and the pH and conductivity cells, and the standard 
pH and conductivity ~~ which were used for the measure- 
ments, are shown in Fig 

The reducing materi: a in the steam condensate was dete mined 
by direct titration with 0.002 N potassium-iodate solution, after 
first adding 2 ml of concentrated hydrochloric acid and 1 ml of 
2.5 per cent potassium-iodide solution, to each 500 ml of sample. 
It was not practical to use starch as an indicator for this titration, 
and the end point was determined by use of an electronic indi- 
cator, which consisted of an electronic amplifier coupled to a 
indicator-ray tube (6E5 type) and a pair of plain platinum ele 
trodes. The apparatus, together with the stirrer and micro- 
burette, is in all practical respects the same as that recommended 
by Ulmer, Reynar, and Decker’ for “dead stop” end point titra- 
tions, as for dissolved oxygen by the modified Winkler method. 
The indicator tube and platinum cell assembly.is sénsitive to not 
more than one drop or 0.05 mi of 0.002 N potassium-iod:te solu- 
tion, which is equivalent to 0.0125 ppm of sodium sulphite, in a 
500-ml sample. The test assembly is shown in Fig. 2 

Due to lack of a suitable method, no direct test for sulphurous 
acid could be made, and its positive identification remains to be 
completed. 

Tests for hydrogen sulphide were made by the sodium-plumb- 
ite method recommended by Hitchens and Purssell.® Briefly, the 
method consists of adding 2 ml of 20 per cent sodium hydroxide 
to each.of two 50-ml-samples and 1 ml of 1 per cent lead acetat 
to one of the samples. Comparison is made in matched tall-for 
Nessler tubes. If a darker color is found in the tube to which the 
lead acetate has been added, sulphides are present. The amount 
.of enageeah is determined by making up standards from a 0.0005 

7 “Applicability of the Schwartz-Gurney Method for Determining 
Dissolved Oxygen in Boiler Feedwater,”” by R. C. Ulmer, J. M. 
Reynar, and J. M. Decker, Proceedings of the ASTM, vol. 43, 1943, 


pp. 1258-1267. 


NATIONS 


Fic.2) Tirratinc Equipment ror RepucinGc 


N sodium-sulphide solution and adding the reagents as already 
indicated. The method is said to be sensitive to 0.01 ppm of 
sulphide as ‘equivalent 
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ALEXANDER, RUMMEL 


EXPERIMENTAL PROCEDURE 


Aside from the data obtained during normal operation of the 
boilers, a number of tests were made during which the sodium- 
sulphite concentration was increased rapidly by direct additions 
te the boiler water, and the quality of the saturated and super- 
heated steam was measured, while gradually reducing the sodium 
sulphite concentration. The sodium sulphite concentration was 
raised to 60 ppm or over, in order to note the maximum effect on 
pH and conductivity of the steam condensate. Both commercial 
and pure sodium sulphites were used during the tests.” 

During most of the tests the pH of the boiler water was main- 
tained near 11, and the total alkalinity at about 100 ppm. Sev- 
eral tests were made at a boiler-water pH of near 11.5 ard a total 

alkalinity of 150 ppm or over, in order to determine the neu- 

tralizing effect of high boiler-water pH and alkalinity on the 
acid materials in the steam. One test was made at a boiler-water 
pH of 10.8 and a total alkalinity of about 60 ppm, in order to 
show the effect of low alkalinity. 

For a good part of each test the boiler load was held to nearly 
maximum but, due to variable demand for power on the unit, the 
load was decreased at times to one third normal output. At these 
times equilibrium conditions were disturbed and there was a tem- 
porary change in the relationship between sodium sulphite in the 
boiler water and the quality of the condensed steam. However, 
the lowering of boiler load did not have any marked effect on the 
results. 

Since one of the principal materials affecting the pH and con- 
ductivity of the, steam condensate appeared to be sulphurous 
acid, several titrations were made in which known amounts of 
sulphurous acid were added to 2.5 liters of deaerated steam con- 
densate, and the changes in pH and conductivity were recorded. 
Due to the calomel used in one of the glass electrodes for pH 
measurements, it Was necessary to make separate titrations for 
conductivity. The apparatus used is shown in Fig. 3. 

The sulphurous acid was made by adding strong sulphuric 
acid to sodium sulphite in a flask, and bubbling the sulphur 
dioxide gas, which was generated, into steam condensate in a gas- 
washing bottle. This solution was analyzed.and diluted to the 
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required strength for the titrations. In order to avoid errors 
resulting from oxidation of the sulphurous acid to sulphuiic acid 
it was necessary to make the tests in the minimum time possible. 
An atmosphere of nitrogen gas was maintained over the water in 
order to inhibit oxidation of the acid due to contact with air. 
These data were compared with the results of tests made on the 
steam condensate which included, as part of the data, the meas- 
urement of reducing material, as equivalent sulphurous acid. 


Discussion or BorLer Tests 


Before the sodium sulphite concentration in the boiler water 
had been reduced to less than the maximum range of 15 ppm to 
15 ppm, the daily routine tests made on samples of steam con- 
densate showed variations in pH of 6.2 to 7.2. The corresponding 


. conductivity readings varied from 0.9 to 0.5 micromhos. 


The results of the special tests, during which the sodium 
sulphite concentrations were purposely raised and lowered, and 
the effects of boiler water pH, are shown in Figs. 4, 5, 6, and 7. 

Typical test results, with a boiler-water pH of 11 and a total 
alkalinity of 100 ppm, are shown in Fig. 4. The sodium sulphite 
concentration was varied between 3 ppm and 57 ppm. At maxi- 
mum sodium sulphite concentration, the pH of steam condensate 
was 5.9, and at the minimum sodium sulphite concentration the 
pH was 8.3. At nearly the same time the conductivity of the 
steam condensate varied between 1.1 micromhos and 0.45 micro- 
mhos. .However, after the conductivity had reached the lowest 
value, which corresponded to pH 7.8, it rose again to 0.7 micromho 
for a corresponding pH of 8.3. This is explained by the greater 
conductivity of the more alkaline materials which were present. 
These data show that if the boiler water has an alkalinity of 
about 100 ppm, a pH of 11, and a sulphite concentration of over 
7 ppm, the probabilities are that the pH of the steam condensate 
will be lower than if the sodium sulphite concentration is less than 
7 ppm. If the sodium sulphite concentration is as high as 20 
ppm, which is a normal value for many boiler waters, the pH of 
the steam condensate may be less than 7. At sodium-sulphite 
concentrations in excess of 20 ppm, the pH was definitely on the 
acid side of 7 
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It is to be noted that the conductivity data will not show ex- 
actly how the quality of the steam is being affected by sodium 
sulphite. The conductiyity, together with the pH of the steam 
condensate, are required in order to observe the variations in 
steam quality. 

The foregoing pH and conductivity data,-for various sodium 


sulphite concentrations, and a pH of 11 in the boiler water, were’ 


confirmed within close limits by the test data obtained for the 


boilers at the Redondo Steam Station, of the Southern California - 
Edison Company. The data for one test, made during a period * 


of full load, are shown in Fig. 5. At this time the boiler was 
operated at 950 psi, and the superheated-steam temperature was 
900 F. The total alkalinity of the boiler water was approximately 
100 ppm, and the pH was near 11. ; 

Of special interest are the data which show that a concentra- 
tion of sodium sulphite in excess of approximately 60 ppm ap- 
pears to have little further effect on lowering of the pH and 
raising the conductivity of the steam condensate. It seems that 
the pH and alkalinity of the boiler water may at this point re- 
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tard any further increase in the amount of acid ions which are 
present-in the steam. 
As in the case of Fig. 4, the data in Fig. 5 show that if the pH 


- of the steam is t6 be held at near maximum values, while carrying 


a boiler water pH of 11 and. an alkalinity of 100 ppm, it will be 
necessary to limit the sodium sulphite in the boiler water to a 
maximum of 7 ppm. : 

The test data for the steam condensate show that the pH 
varied between 6 and 8.1, and the conductivity between 1.0 
micromho and 0.3 micromho when the" sodium sulphite in the 
boiler water was varied between 78 ppm and 5 ppm. The slightly 


_lower pH and conductivity values obtained for the steam con- 


densate at Redondo Stedm Station are believed to be due prin- 
cipally to the presence of less ammonia. A concentration of not 
over 0.01 ppm was indicated. At the Harbor Steam Plant the 
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ammonia in the steam condensate was found to vary between 
0.62 ppm and 0.03 ppm. 

In order to study the effect of boiler water PH and alkalinity on 
the action of sodium sulphite concentration, a number of test 
runs were made during which the boiler water pH was increased 
to 11.5 and 11:6 instead of the normal pH of 11 to 11.1. The re- 
sults of a typical test are shown in Fig. 6. The pH of the boiler 
water was held at’ 11.5, and the total alkalinity was 150 ppm. 
These data are similar to thiose obtained at a boiler-water pH of 
11.6 and 200 ppm of alkalinity. The boiler was operated at 17 
per cent of nofmal full load. es 

The data show less change in pH and conductivity with high 

sodium sulphite concentrations than when the pH of the boiler 
water was lower, For example, the minimum pH of the con- 
densate was 6.5, instead of 6.0 for a lower boiler water pH. Also, 
a pH of 7.9 is reached at a sodium sulphite concentration of 24 
ppm. However, it will be seen that the pH of the steam con- 
densate continues to increase with decrease in sodium sulphite 
concentration until, at the maximum of pH 8.5 the sodium sul- 
phite is 8 ppm. Thus a pH of 11.5 in the boiler water was found 
to have a limited beneficial effect in attaining the maximum pil 
of the steam condensate. 
* In order to show, the effect of low pH and alkalinity in the 
boiler water on the action of sodium sulphite, a test was made 
during which the pH was held at 10.8, and the total alkalinity at 
about 60 ppm. The results, as given in Fig. 7, show that except 
for concentrations below about 10 ppm, the sodium sulphite had a 
definitely greater effect on,the pH and conductivity of the steam 
condensate than when the pH of the boiler water was higher. 
The amount of reducing material found in the steam was also de- 
finitely greater than for higher boiler-water pI. 

Each of the foregoing test runs required from 3 to 5 days for 
completion, during which the condition of the boiler feedwater 
was maintained as nearly constant as was possible. No large 
variations in the composition of the feedwater were observed. 

The test results for the saturated-steam condensate are not 
shown, but it is of interest that the saturated steam showed a 
slightly higher pH than has been reported for the superheated 
steam, Generally, the difference did not exceed about 0.2 pH. 

The tests made at the Seal Beach’ Steam Plant, on a boiler 
operating at 375 psi, failed to show any significant changes in pH 
or conductivity of the steam condensate which could be attribu- 
ted to the sodium sulphite concentration in the boiler water. 
Confirming tests should be made under more favorable feedwater 
conditions, as when a minimum of carbonate is present, 


Data RELATING TO Repucinc Marertat In Steam 


Th Identification of the reducing materials in the steam conden- 
sate, which were related to changes in sodium sulphite concen- 
tration in the boiler water, the amounts of reducing material in 
the steam, and the pH and conductivity of the steam condensate, 
was of interest. This information was not considered to be an 

essential part of the practical test’ results obtained, og the main 
conclusions which were reached in regard to control of the quality 
of the steam. However, as a matter of interest’ the data now 
available are presented. These data and observations may be of 
use in any further investigation of the decomposition of sodium 
sulphite in the boiler. 

The actual composition of the acid material and the reducing 
taterials in the steam condensate were identified by process of 
elimination, and by correlation of the reducing material found in 
the steam condensate with pH and conductivity changes in steam 
condensate to which reducing material in the form of sulphurous 
acid was added. The conductivity readings were useful in Show- 
ing that there were limited amounts of total solids and dissolved 
gases in the steam condensate. : 
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523 


On numerous occasions, during normal operation, and during 
several of the experimental runs, tests were made from the pres- 
ence of sulphides in the steam condensate. In some instances it 
was believed that a trace of sulphide was present, especially when 
the condensate had a slight odor resembling sulphide. However 


. the amount was not sufficient to determine by quantitative an- 


alysis, and it was concluded that sulphides represented only 
minor amounts of the total reducing material found in the steam 
condensate. 

It was assumed that at least part of the reducing material 
found in the steam was sodium sulphite or other neutral reducing 
material. During most of the test runs, the increases ih reduc- 
ing materials in the steam condensate corresponded with increases 
in acidity, decreases in pH, and, increases in conductivity. These 
data have indicated that the amounts of neutral reducing material 
will vary with the pH of the boiler water and with the alkaline 
materials present in the steam condensate 

During some of the tests, there was present considerable excess 
of reducing material over that which can be accounted for by 
changes in pH of the steam condensate. At high boiler-water pH, 
the conductivity change was relatively small. These variations 
have not been explained fully. 

The amounts of reducing material found during several of the 
boiler tests and the corresponding sodium sulphite in the boiler 


Water are shown in Fig. 8. It was observed that within limits, the 
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Fic. 8 Variation Repucine Marertan in Steam ConpENsATE 
Wirh CHANGE Sopium Concentration AND PH 
Borter Water 
amount of reducing material in the steam tends to increase with 
increase in the sodium sulphite in the boiler water, but since each 
change in boiler water pH, or other condition, gives a different 
ratio of reducing material to sodium sulphite, it is not possible to 
show one curve which will apply to all of the boiler tests. There- 
fore the data shown in Fig. 8 should be checked for each test run 
that is made. As a, matter of convenience, the reducing material 

is shown as equivalent sulphurous acid. 

The effeet of measured additions of sulphurous acid on the pH 
and conductivity of steam condensate is shown in Figs. 9 and 10, 
Due to the presence of ammonia and other materials in the con- 
densate, these data are not assumed to be applicable to all boilers. 
The effect of the alkalinity of the condensate is seen at the start 
of the pH and cenductivity curves. The relationship between pH 
and sulphurous acid was used in reaching the conclusion that s 
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. 
considerable amount of the reducing material in, the steam was 
sulphurous acid. 

In order to compare these data with the test results, it will be 
necessary to refer first to Fig. 8 which shows the equivalent sul- 
phurous acid found in the steam condensate for different concen- 
trations of sodium sulphite in the boiler water. The sulphurous 
acid and sodium sulphite values shown may then be‘used to note 
whether or not the pH and conductivity results actually obtained 
for a given sodium sulphite concentration and pH value in the 
boiler water will parallel the changes in the pH and conductivity 
values found by additions of sulphurous acid to steam conden- 
sate. 
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Fic. 9 CHANGE In PH oF SteaM ConpDENSATE WITH CHANGE IN 
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Fic. 10 CHANGE IN CoNnpDUCTIVITY OF STEAM CONDENSATE WITH 
CHANGE IN SULPHUROUS ACID CONCENTRATION 


By way of illustration, identifying marks have been made in 
Fig. 9 to show how closely the boiler-test data shown in Fig. 7 
parallels the change in pH, when equivalent amounts of reducing 
material, in the form of sulphurous acid, are present. * 

Attention is called to the fact that small increases in the 


amount of acid or alkaline material will cause a considerable 


change in the pH and conductivity of the steam condensate, and 


, that care is required in obtaining the measurements. 


CONCLUSIONS 
Based on the data obtained from boilers operating at 900 psi 
and over, the following conclusions have been reached: 


It is probable that when more than 5 ppm to 8 ppm of sodium 
sulphite is present in the boiler water, the quality of the steam 
will be affected. 

The extent to which the composition of the steam is changed 
wil] depend largely on the conceritration of sodium sulphite, and 
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to some degree on the alkalinity and pH of the boiler water. 

The change in steam quality is seen in the lowering of pH, in- 
crease in the conductivity and increase in the reducing material 


. of the steam condensate. 


A large part of the reducing material found in the steam con- 
densate resembles sulphurous acid. 


When the steam contains sufficient ammonia or other alkaline 
material to overbalance the acid effects of carbon dioxide, it is 
probable that with small amounts of sodium sulphite in the 
boiler water, the point of lowest conductivity of the steam con- 
densate will be near a pH of 8. Near this point, increasing the 
sodium sulphite concentration will lower the pH and raise the 
conductivity of thé condensate, but lowering of the sodium sul- 
phite will increase both the pH and-conductivity. 

The test data which are presentéd are of special interest when 
using conductivity readings to estimate the solid-matter content 
of the steam condensate and in regulating the amount of solid 
matter in the form of acid-reducing material. 


- The quality of the steam from boilers operating at pressures 


below 900 psi, should be studied further, in order to show the 
effects of sodium sulphite in the boiler water. 
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Appendix 


‘After the completion of the foregoing tests, which show the 
effect of sodium Sulphite in the boiler water on the quality Of the 
steam condensate, it was decided to investigate the extent to 
which the reducing material, expressed as equivalent sulphurous 
acid, in the steam would carry on through the feedwater system. 
Accordingly, a test-run was made during which the sodium sul- 


_ phite in the boiler water was raised to 65 ppm by direct injection 


into the boiler drum, no sodium sulphite was added to the feed- 
water, and the sodium sulphite in the boiler water was allowed to 
diminish while testing the steam condensate for pH-value conduc- 
tivity and reducing material in, the condenser hot-well conden- 
sate and the feedwater leaving the deaerator for reducing ma- 
terial. The data are shown ‘in Fig. 11. The results of this test 
confirm some of the previous data and, at the same time, show 
the rate at which the acid sulphite in the water is oxidized as it 
passes through the condenser and the various heaters and the 
deaerator. 
maintaining a sufficient concentration of sodium sulphite in the 
boiler water, in order to maintain some reducing material in the 
feedwater and thus remove dissolved oxygen. 

It appears that if the sodium sulphite in the boiler is as great 
as 10 ppm to 15 ppm, the feedwater before the deaerator will con- 
tain a significant amount of reducing material. However, the 
results found at Harbor Steam Plant are not likely to be du- 
plicated at other piants, and similar tests would need to be made in 
order to determine the actual condition. It should be noted 
especially that the rate of reaction of sulphite with oxygen will in- 
crease With increase in temperature and, no doubt, to some ex- 
tent on the concentrations of dissolved oxygen and reducing ma- 
The presence of catalysts also will have a decided effect 


Furthermore, the test data show the possibility of 


terial. 

on reaction rates. 

The actual pH value of the steam condensate and feedwater 
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sell ay aan T T 1 test data that 7 ppm of sodium sulphite is the minimum concen- 
NI tration at which decomposition due to excess sulphite will occur? 
When above 7 ppm of sodium sulphite what causes it to decom- 
pose and what are the mechanics of the decomposition? 
In Fig. 5 does their interpretation of the curves mean that 
we | Cc Chas as a | above 50-60 ppm of sodium sulphite the rate of automatic de- 
|_| | composition is constant and continues so until the concentration 
4 is lowered to 10-20 ppm of sodium sulphite? 
70 pM SUPERNERTED steam C. E. Kaurman.’ In the authors’ careful investigation of the 
decomposition of sodium sulphite in boiler water, the emphasis 
80 eal has been on the production of small amounts of sulphurous acid 
ae through hydrolysis. Quantitatively, there may easily be some 
ro ee ‘Smee question as to the exact amount of material produced in the 
} | CONDYCTIVITY SUPERHEATED STEAM -steam since the over-all effect is so small. However, the actual 
fact of SO, or H,SO, production would not be unexpected from a 
{ physical-chemical standpoint. In fact, substances subject to 
} this sort of behavior might well be listed in a series. For example, 
; os = 4+ +4 in decreasing order of tendency to contribute material to the 
al tt. 4-1. | > steam, we might list sodium carbonate, sodium sulphite, and 
Condensate from | | 
mam condenser sodium silicate. 
baa r TT t In general, with all of these materials, greater amounts of the 
‘ AS ~ corresponding acid would be expected to be released as pH of 
the boiler water is dropped 
ae In the case of sodium sulphite, the fact of hydrogen sulphide 
development should not be neglected. The authors found rather 
Z “i = iw negative evidence in this regard but there have been a number 
of occasions in the experience of the discusser’s organization 
: OF STEAM CONDENSATE AND FEEDWATER where hydrogen sulphide was a major product. 
Se eS The difficulty of analyzing for small quantities of sulphur com- 
yzing quantiti I 
: Fic. 11 pounds brings up a question. Was it not possible to secure a 
sampling point awwhere concentration of gases could occur? The 
at Harbor Steam Plant was influenced to some extent by the am- —_aftercondenser on a steam-jet ejector for a turbine condenser will 
monia naturally present in the water. The ammonia had the frequently provide rather remarkable and convincing samples. 
effect of neutralizing the acid sulphite and other acid materials in For example, in a number of cases at such a location, ‘‘odorific”’ 
the steam. ve oo analysis (rotten-egg smell) alone proved that hydrogen sulphide 
These data suggest certain possible advantages in selection of | Was an important breakdown product. In like manner, ap- 
the concentration of sodium sulphite in the boiler water, pro-  preciable concentrations of ammonia, far higher than in the over- 
vided this concentration does not depress unduly the pH value of all steam, have been found. 
the steam condensate and the feedwater. Ten years ago we investigated the behavior of a 1400-psig 
boiler which produced steam of increasing conductivity after 
‘Discussion feed of sodium sulphite. Fig. 12 shows the similarity of this ac- 
: . tion to that reported by the authors. Only traces of sulphur com- 
D. Baker.’ Mr. Alexander and Mr. Rummel have pre- 
sented an interesting paper and the data given is’a worth-while * Hall Laboratories, Inc., Pittsburgh, Pa. 
contribution to the study regarding the behavior of sodium sul- - ; . 
phite when used as an oxygen scavenger in boiler water. | ] 
The fact that all conclusions are based on superheated-steam CONDUCTIVITY OF STEAM = 
. condensate and not sufficient data were presented on saturated- | SULPHITE CONTENT AND DISTRIBUTION IN BOILER WATER “ 
steam condensate.to make a comparison between saturated and : = 
superheated-steam condensate eliminates any conclusions re- i 
garding mechanical carry-over with subsequent decomposition of 
sodium sulphite in the superheater. Some of the results obtained z NK ~ mee, ; 
indicate that mechanical carry-over occurred and it would be 
valuable information if the authors could make any definite com- 3) / sot 470 
The conclusion that sodium sulphite concentrations of 7 ppm > | } 
or less will not affect the pH of the steam condensate and the data + _ i 5 
used to obtain the curves in Fig. 5 indicate that the authors have S . ] 4 
information that should be a worthy contribution in the study of | = igen = é 
- sulphite behavior in boiler water. This leads to several questions. 
First, do the authors feel that they have sufficient data to make a 3 
statement regarding the point of stability of sodium sulphite i in of 4 
boiler water? What is meant; can they state from numerous ————E Sen 
8 Chief Chemist, West Penn Power Company, Pittsburgh, Pa. Fic. 12 
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pounds were found by field tests in the steam from regular sam- 
pling connections. Slower feed of chemical reduced the effect: 

What is the significance of sulphur compounds in the steam? 
The presence of hydrogen sulphide may indicate that hot spots 
exist in the boiler with attendant auto-oxidation of sodium sul- 
phite to produce sulphate and sulphide. In other words, sul- 
phide production may be a symptom of somewhat critical eondi- 
tions. Sulphur dioxide or sulphtrous acid in the steam may 
contribute to somewhat lower pH in the condensate but its 
total effect will be little more conducive to acid corrosion than a 
small amount of carbon dioxide. In facet, the use of alkaline 
materials su¢h as ammonia and amines in the steam should un- 
doubtedly be as effective for SO, as for CO, 

The presence of SO, (or CO.) in the steam going to a turbine 
will be of no concern. Before condensation it is obvious that the 
dry steam containing gases can have no effect on the metal 
Even at a condensing end, solubility relationships dependent on 
temperature and partial pressures can permit only a trace of gas 
in solution. In other words, internal corrosion of turbines during 
operation due to dissolved gases is most improbable. ; 

Thus, although the breakdown of sulphite is of considerable 
theoretical interest, the small effeet which may oceur lacks much 
practical significance. Years of trouble-free experience with 
boilers at many pressures provide assurance that there is no 
cause for alarm. : 


F. G. anp H. 1). OrGMan.''! Sodium sulphite has . 


been used as an oxygen scavenger in steam boilers for almost 
twenty years. Taff, Johnstone, and Straub called attention!? to 
* the possibility of the. decomposition of this material in concen- 
trated solutions (4000 ppm) at temperatures above 540 F to 
form sodium sulphide and sodium sulphate. Hitchens and 
Purssell'? reported the results of their study of steam from boilers 
operating at pressures up to 1400 psi. Their conclusions were that 
the decomposition to sodium sulphide and sulphate did not take 
place at concentrations normally carried in the boiler water. 

In the intervening years the prevailing opinion appears to 
have been that in concentrations below 20-30 ppm of sodium 
sulphite very little, if any, sulphide appears to form. However, 
if areas in the boiler exist where the sulphite ean concentrate, 
sodium sulphide forms and hydrogen sulphide is found in the 
steam at steam pressures around 1200 psi. 

Some plants have used an excessive amount of sulphite when 
feeding it intermittently to boilers. This was reduced to a much 
smaller amount when fed continuously even in cases of practi- 
eally no blowdown from the boiler. This indicated the possibil- 
ity of some loss of sulphite at the higher concentrations occurring 
_ during intermittent feeding of the chemical. 

In order to explain some of the peculiar behavior of the sulphite 
and to study the limitations of its use, the authors started a study 
in which a small laboratory steaming test boiler was used, This 
work is not completed. However, since they have observed the 
same action that the authors of this paper have, it was deemed 
advisable to discuss this paper at this time. 

The laboratory tests have covered the behavior of sodium sul- 
phite at various concentrations in, the boiler water from 250 to 


© Research Professor in Chemical Engineering, University of 
Illinois, Urbana, Ill. Mem. ASME. 

™ Research Assistant in Chemical E ngineering, University of Illi- 
nois, Urbana, II. 

12**Decomposition of Sodium-Sulphite Solutions at Elevated 
Temperatures,’ by W. O 
Trans. ASME, vol. 60, 1938, pp. 261-265. 

8 “Behavior of Sodium Sulphite in High-Pressure Steam Bgilers,”’ 
wv R. M. Hitchens and J. W. Purssell, Jr., Trans. ASME, vol, 6 
1938, pp. 469-473. + 
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Taff, H. F. Johnstone, and F. G. Straub, 


1550 psi. “The steam in all cases shows a reduction in pH and an 
inerease in conductance which is almost proportional to the sul- 
phite concentration in the boiler water. The effect is almost 
proportional to the steam pressure 
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The authors’ conclusion that sulphurous acid is being distilled 
from the boiler water appears to be a logical one. In many power 
plants there has been sufficient ammonia or caustic carry-over 
from the boiler to mask the pH reducing effect of the small 
amount of sulphurous arid in the steam. The authors of this 


paper have been fortunate in having steams with low ammonia . 


content with which they could run their determinations. 

The results of these tests should be correlated with the ex- 
perience in other plants before the power-plant operators become 
panicky about the effeet of sulphite treatment on their preboiler 
equipment. In many plants sufficient ammonia is present to 
neutralize the’small amount of sulphurous acid in the steam. It 
indicates the need of control of sodium sulphite in the boiler water 
to within reasonable limits and at the same time an adequate 
meatis of continuously adding the sodium sulphite to the system 
as to reduce the high peaks of concentrations to a minimum. 


W. D. W. Cerna,? G 
von LossperG,” Bo The authors have 
made a very important contribution to hoiler-water chemistry, 


adding valuable, information on the reaction products from 


sodium sulphite and also contributing constructively to water 
chemistry, in general, by bringing to attention clearly how sparse 


‘and sketchy, is the actual knowledge of reactions at moderately 


high temperatures in this field, 

Taff, Johnstone, and Straub in their 1937 paper,'? as the pre- 
sent authors comment, make no mention of analyses of steam 
sampled from their bombs but find -from analyses of the react- 
ing solutions increasing rates in conversion of sodium sulphite 
to sqdium sulphide and sodium sulphate with temperature in- 
crease in the range of about 530 F to 600 F. As reported by 
Parks" it was found in operation of the 2000-psi boiler at Somer- 
set Station that sodium sulphite, When maintained at more than a 
few parts per million in the boiler water, resulted in considerable 
contamination of the steam with hydrogen sulphide. As _re- 
ported by Parks in the paper just-mentioned, and by Cerna and 
Scott,” use of potassium-base chemicals in place of sodium-base 
chemicals was begun at Somerset Station in 1943, As affecting 
the sulphite radical the change in nature of chemic al base ap- 
pare ntly brought no very significant change in reactive tende “ney 


or essential nature of reaction products. Observations on the’ 


2000-psi boiler at Somerset Station “with water temperatures 
in the range of about 600 F to 625 F have indicated that, for the 
associated operating conditions, concentrations of  sulphite 


: chemical in excess of 4 or 5 ppm SO, are accompanied by evolu- 


tion of hydrogen sulphide and formation of sodium sulphate and 
some alkali, as evidenced by methyl orange, but scarcely more 
than.a trace of sodium sulphide: Considered together, the ob- 
servations of the three independent investigating groups suggest 
that at temperatures of about 530 F and above, sulphites when 


‘Superintendent of Engineering, Montaup Electric Co., Fall 
River, Mass. Mem. ASVIE.. ‘ 

Engineer, Hagan Corporation, Pittsburgh, Pa. Mein.. ASME. 

16 Chemical E ngineer, Sheppard T. Powell, Baltimore, Md. Mem. 
ASME. 

Chemical Engineer, Sheppard T. Powell, Baltimore, Md. 

'§ Consulting Engineer, Stone & Webster Engineering Corpora- 
tion, Boston, Mass. Mem. ASME. 

8 “Experience With Sodium and Potassium Chemicals for Boiler- 
Water Conditioning at Montaup Electric,” by G. U. Parks, Trans. 
ASME, vol. 67, 1945, pp. 335-338. . 

2° Water Conditioning for the 2000-Psi Boiler at the Somerset 
Station of the Montaup Electrie Company, by W. W. Cerna and 
R. K: Scott, Trans. ASME, veal. 68, 1946, pp. 443-451. 
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present in boiler water in excess of some rather small concentra- 
tions may be expected to decompose or react. with constituents 
other than dissolved oxygen, and that there exists critical tem- 
perature or critical temperatures within the range of 530 F and 
625 F above and below which such: sulphite reactions are of dis- 
tinctly different nature, and doubtless other factors are of impor- 
tance which may even shift the critical reaction temperatures. 
Suerrarp T. Powe..?' In spite of the extensive use of 
sodium sulphite as a deoxygenating chemical, there is a dearth of 
quantitative information on the mechanism of the reaction which 
occurs and the rate and extent of dissociation of sulphites under 
high-temperature conditions. These phenomena are not par- 
ticularly significant for low-pressure boiler operation, but the 
need for such data for high pressure and temperature conditions 
is urgent. Many operators have concluded that the sulphite 
salts break down, and have noted the presence of hydrogen sul- 
phite qualitatively in condensate. The authors of these papers 
have contributed much reliable information, and the data as- 
sembled and their extensive investigation have established a 
Other in- 
vestigators have, approached the problem from a somewhat dif- 


sound basis for control of this essential treatment. 


ferent angle, but their findings generally confirm the authors’ 
conclusions. 
and presents definite and reliable data for control of sulphite 
treatment which, up to the present time, have not been definitely 


This paper is a major contribution to the subject 


established 

Hydrogen sulphide in stéam and condensate has come from 
sources other than sulphites. The writer has encountered two 
cases where extensive breakdown of sulphides occurred, which 
produced heavy concentrations of hydrogen sulphide in the eon- 
densate, At both the stations where the difficulty occurred, the 
feedwater was treated by hoteprocess softening systems, and 
the filter material in pressure filters used to filter the effluent was 
crushed magnetite. 
9.0,and 10.5. The sulphides were dissolved from the iron sul- 
phide present in the magnetite ore. An attempt was made to 
secure magnetite free from sulphide, but no material completely 
free of iron sulphide could be obtained. If was found necessary to 
replace the filter material with anthracite coal, after which the 
presence of sulphide in the condensate was completely  elimi- 
nated. 


The pH value of the water was between 


AutTuors’ CLOSURE 


‘The authors wish to thank the various commentators for their 
discussion dealing with the usefulness of the data which have 
Been presented. In answer to Mr. Baker's question on the dif- 
ference between the quality of the saturated and superheated 
steam condensates and the effect of carry-over of sodium sulphite 
into the superheater, it has been stated that we found only a 
little difference in the quality of the two steam samples. For 
example, during most of the tests the pH value of the saturated 
steam was about 0.2 higher than for the superheated steam, 
Since this difference can be gbserved with only a trace of sodium 
sulphite in the boiler water, we have not been able to attribute 
the changes in pH value of the superheated steam to carry-over of 
sodium sulphite, followed by decomposition in the superheater, 
With regard to Mr. Baker's questions on the stability or decom- 
position levels of various sodium-sulphite concentrations in the 
boiler water, the conditions of testing were such that the data do 
It was indicated that for 
the boilers under test and the analyses of the boiler water, the 


not show exact equilibrium conditions. , 


*! Consulting Chemical Engineer, Baltimore, Md. Fellow ASME. 


pil value and conductivity of the steam condensate would not be 
changed appreciably when the concentration of sodium sulphite 
was held at not over 5 ppm to 8 ppm. 

In answer to Mr. Kaufman, the authors have on various occa- 
sions tested the gas and water leaving the after condenser of 
the steam jet ejector for the main condenser and have used this 
data for the control of ammonia in the system. At times we 
However, there are obvious 
difficulties to be overcome in making quantitative tests of steam 


found traces of hydrogen sulphide. 


quality at this point, and direct tests on the steam samples are 
recommended, 

It was observed that very small amounts of hydrogen sulphide 
could be detected by smell, but that on a quantitative basis the 
hydrogen sulphide was of very minor significance during any of 
the tests which have been described. With regard to the signifi- 
eance of corrosive sulphur compounds in the steam, the authors 
have been concerned with the amounts of iron oxide and copper 
found in the water at the condenser hot well and the iron oxide 
produced in the feedwater systems and the boilers. Concerning 
the suggested use of amines; an amine which has been used in 
power plants to raise the pH value of steam condensates decom- 
posed and disappeared rapidly in one of the boiler systems under 
study and in the absence of a stable material, it is not recom- 
mended that amines be used in high-pressure boilers. 

In order not to increase the solubility of copper alloys it was 
not desired to inerease the ammonia content of the feedwater 
and the steam. However, when the acid gases in the system 
were reduced to a minimum, ammonia in concentrations of as low 
as 0.02 ppm was found to be effective in maintaining a pH value 
of 8 or better in the steam condensate, 

The authors are very appreciative of information submitted by 
Drs. Straub and Orgman. Their conclusions, in regard to recent 
laboratory boiler tests made at various pressures and concen- 
trations of sodium sulphite and pH value, are in confirmation 
Due to the broader 
scope of their studies the completed data and conclusions will be 


of the conclusions reached by the authors. 
of considerable interest. As has been indicated, the authors are 
in full agreement with the recommendation that tests be made at 
individual power plants in order to note the effeet of sodium sul- 
phite in the boiler water on the quality of the steam condensate. 

The information submitted by Messrs. Bissell, Cerna, Knoed- 
ler, von Lossberg, and EK. B. Powell have been of interest and we 
are especially appreciative of the favorable comment which has 
heen offered, 
tests made by the authors, we are unable to verify the indica- 


Due to limifations in operating pressure for the 


tion that hydrogen sulphide is an important product of sedium 
sulphite decomposition in boilers operated at 2000 psig, but it is 
suggested that the test methods mentioned in this paper be con- 
sidered, 

In answer to Mr. 8. ‘T. Powell's favorable comment, the authors 
have not been able to confirm the work of others on the production 
of appreciable amounts of hydrogen sulphide, On the contrary, 
hydrogen sulphide appeared only as traces and during periods of 
highest sodium sulphite concentrations in the boiler water, Mr. 
Powell has mentioned the very interesting possibility that sul- 
phides may be introduced from sources other than sodium sul- 
phite and in this connection the composition of the cooling water 
to the main condensers should be taken into account. 

In closing it is again suggested that the analytical methods 
which have been presented be considered and that similar quan- 
titative tests on operating boilers be carried out. At this time 
the decomposition products of sodium sulphite may be measured 
quantitatively and it should be possible to distinguish between 
smell and amount of any sulphides which are present, 
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Based upon the experience with five high-pressure steam- 
generating units installed at the Harbor Steam Plant of 
the City of Los Angeles during the last six years, the au- 
thors devise some basic practices to follow during early 
operation of such installations. Their study includes 
such items as cleaning the feed system, corrosion preven- 
tion, chemical control of ‘corrosion, sampling and control 
tests of the feedwater system, and inspection of equipment. 


URING the last six years a total of five high-pressure 

steam-generating units have been installed at the Harbor 

Steam Plant. The boilers of the first two units operate 
at 1050 psig drum pressure.- The boiler-drum pressure for the 
Jast three units varies with load demand. Normally, it varies 
between 900 psig and 1000 psig. The superheated-steam tem- 
perature is 915 F for all units. The first unit was started in 1943, 
and the last unit began operating on load in July, 1949. 

During this time it was found that the items to be considered 
in preparing the units for service and early operation were not 
only numerous, but deserved considerable detailed attention. 

In general, it has been necessary to study the design, the ar- 
rangement of equipment, and the particular local conditions 
which affected the satisfactory control of the make-up water and 
the feedwater. Usually the most important single consideration 
has been the maintenance of minimum corrosion of the feed- 
water-system equipment, and the disposal of corrosion by- 
products which lodge in the heaters and the boilers. 

These by-products are for the most part iron oxide and’ copper, 
which are likely to encourage further corrosion, reduce heat- 
transfer rates, and cause overheating of boiler tubes. 

Due to the highly corrosive harbor water used for cooling in 
the main condensers; there have been a large number of condenser- 
tube failures, and contamination of the feedwater with sea water 
has been a frequent occurrence. This has added considerably to 
the suspended matter and insoluble solids found in the boilers of 
units Nos. 1 and 2. At the same time, it has been necessary to 
maintain a close watch on the condition of the feedwater in order 
to avoid serious consequences from sea-water leakage. It is for- 
tunate that there have been available the facilities for testing and 
treatment control, which were installed with each unit, and that 
satisfactory methods of procedure have been provided or devel- 
oped as they were required. ‘ ee j 


CLEANING THE FEED System 


As shown by past experience, it is highly important’that the 
feedwater system and interconnected equipment be -cleaned 


' Mechanical Engineer, City of Los Angeles, Department of Water 
and Power, Los Angeles, Calif. 

? Chemical Engineer, Sheppard T. Powell. 
Engineer, Baltimore, Md. Mem. ASME. 

Contributed by the Joint Research Committee on Boiler Feed- 
water Studies and Power Division and presented at the Semi-Anrtual 
Meeting, San Francisco, @alif., June 27-30, 1949, of Toe AMERICAN 
Society oF MecHAntca ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received ‘at ASME Headquarters, 
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Operation of Steam-Electric Stations 


By R. C. ALEXANDER’ anv J. K. RUMMEL? 


thoroughly of dirt, grease, rust, and other foreign material which 


.would cause difficulties in operation of the pumps, heat exchangers, 


and the like, or be carried on to the boilers. When this important 
step is neglected, the resulting maintenance costs are found to be 
disproportionate to the probable cost of the preliminary clean- 
ing. 

Present practice at Harbor Steam Plant is first to clean by hand 
al] surfaces which can be reachéd, such as the condenser shell 
and hot well, the heat exchangers, and the deaerator with its 
storage tank. Heat-exchanger tubes are cleaned with air and 
water, and any grease on the tube ends is removed with brushes 
and a detergent solution. Preliminary cleaning of the unit was 
followed by circulation of a hot detergent solution through the 
feed system. This operation simulated the “‘boiling out’’ of the 
boiler. It was effective in removing soluble oil coatings on parts 


‘of the equipment and in loosening the dirt for removal by the 


water flushing which followed. Finally, all traps where dirt 
collected, such as the bottoms of tanks and the condenser hot 
wells, were cleaned by hand. 

The results of the foregoing cleaning operations have been 
highly satisfactory, as was reflected in a minimum amount of ma- 
terial carried into the boilers from the feed system, general free- 
dom from clogging of screens used in preliminary operations, and 
no known damage to pumps or other equipment. After pre- 
liminary operation, an examination of one of the boiler units 
showed that only 2 to 4 grams of deposit could be removed from 
the tubes, and very little dirt was seen in the feedwater-system 
equipment. The amount of deposit in the boiler tubes was de- 
termined by placing a cloth filter bag over the end of the tube, 
followed by cleaning with an air-driven rotary wire brush. The 
bag was then shaken out over a clean paper and the material 
weighed. 

The boiler tubes and drums were washed with water from a 
hose in order to remove the loose materials, and recently a high- 
pressure water-washing nozzle has been made for lowering down 
the tubes in order to clean them more thoroughly. 

All of the superheater tubes are washed individually with con- 
densate, flowing at high velocity, in order to remove both in- 
soluble and soluble deposits such as would cause overheating or 
be carried through the steam turbine and into the feedwater sys- 
tem. A specially designed washing connection is used, which is 
held in the tube ends with air pressure while the water is flowing 
through. The washing time is regulated by use of an electronic- 
eye conductivity indicator and a dip cell. 
pletion of removal of the soluble material. 


This shows the com- 
Visual examination of 
the wash water shows the removal of insoluble material. 


CoRROSION PREVENTION 


Returning to the main problem of corrosion prevention, it has 
been found that both iron and copper are present in the feed- 
water, and that the deposits found in the feedwater-system 
equipment and the boilers-are composed mostly of iron oxides and 
copper. 

During early operation a large part of the iron oxide comes 
from the mill seale on the surfaces of the equipment, but after the 
loose scale has been removed the corrosion process continues to 
add iron to the feedwater. In the older units the iron in the feed- 
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water was about 0.1 ppm and the copper about 0.03 ppm. These 
data show that appreciable corrosion of the copper alloys in the 
feedwater system is to be expected, and in this connection it has 
been realized that there is present a considerably larger area of 
copper alloy than iron. 

Visual inspections of the equipment have shown that corrosive 
attack has been most rapid where the pH of the water has been 
lowered by acids and where dissolved oxygen is present. In the 
deaerator vent condensers, ammonia no doubt has played a part 
in hastening the failure of brass condenser tubes, but in zones of 
lower ammonia, acid, and dissolved-oxygen concentrations, no 
appreciable attack has been seen, and no failures due to corrosion 
have been experienced. 

In some instances erosion has hastened the tendency for cor- 
rosion to take place. This was especially noticeable on the 
turbine-casing surfaces which are in the path of the steam entering 
the main condenser. 
shell has taken place more rapidly in the air off-take section where 
the steam condensate contained relatively large amounts of dis- 
solved oxygen and acids.” 

Another point of local corrosive attack, due to adverse water 
conditions, has been in the condensate drip-system equipment, 
which carries the condensate from the evaporator condenser and 
the stage heaters. This has been noticed in the first unit in- 
stalled which, during its early operation, carried the vented vapor 
from the evaporator condenser. This vapor is now vented to 
atmosphere, and the pH of the water is more favorable. Pre- 
viously the pH of, the water was as low as 5.5 and is now seldom 
less than pH 7. 

Considering the action of carbonic acid alone, it is of interest to 

-note that for an equivalent reduction in pH, much more of this 
acid is required than if a mineral acid is present. Also, when the 
acidity of the water has been increased to give a pH of a little less 
than 5, the carbonic-acid solution is found to be more corrosive 


However, the attack on the main condenser 


than a solution of the same pH to which only hydrochloric acid is 
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added. Whitman, Russéll, and Altieri? have examined this ac- 
tion experimentally and their results are shown graphically 
Fig. 1. It is explained that since at pH 5.4 the carbonic acid is 
only 6 per‘cent dissociated and hydrochloric acid is nearly 100 per 
cent dissociated, the carbonic acid would be about 16 times more 
concentrated than the hydrochlorie acid. It is seen from these 
data that the corrosion rates may at‘ times depend more largely 

5 “Effect of Hydrogen Ion Concentration of the Submerged Cor- 
rosion of Steel,’’ by W. G. Whitman, R. P. Russell, and V. J. Altieri, 
Industrial and Enjineering Chemistry, vol. 16, 1924, pp. 665-670. 

“The. Acid Corrosion of Metals,”’ by W. G. Whitman and R. P. 
Russell, Industrial and Engineering Chemistry, vol. 17, 1925, pp. 348- 
354. 


| ACIDITY 
WITH CO, 


a ACIDITY 
HCL 


AVERAGE SPECIFIC PENETRATION— IN/Yr/CC 0,/LITER 


CoMPARISON OF Rates oF Corrosion FoR CarBontc 
AND HyprocuHLoric Acip 


CHEMICAL CONTROL 
oF 
CORROSION 


FEEDWATER SYSTEMS 


| 


CONDUCTIVITY 


solids 


HYOROGEN- 
CONCENTRATION 


ZING — REDUCING 


CONDITIONS 
Volue 


co, So, 
acio acid 


VOLATILE nny 
ALKALINE DISSOLVED sodium 
PAATERIALS OXYGEN SULFITE 


AK AGE 
oF 


DISSOLVED 


COOLING GASSES 
warer 


DEAE RA TOR VENTING 


LEAKAGE JOPER ATION CONTROLS 


PERIODIC 


‘SURFACE 


INSPECTION 
oF 
CONDITIONS 


Fig. Irems Entertnec Into CHemicaL CoNnTROL OF CORROSION 


* 


1 
20 Lo 


u 
a 
p 
p 
009 
| : tl 
,006 
003 de 
002 | pr 
t | €O 
ao 70 60 80 40 39 A be 
les 
ex 
lin 
P ALKALINE of 
— 
ry OX\ 
vul 


ALEXANDER, RUMMEL 


upon the acid concentration than the pH value, and a low pH due 
to carbonic acid may cause a serious amount of corrosion, 


CHEMICAL CONTROL OF CORROSION 


For purposes of discussion, the principal items which have en- 
are shown in Fig. 2. It is indicated here that the principal con- 
trols are conductivity, pH, and oxidizing or reducing conditions. 
Under these are subheadings showing the materials which are 
present or are added ‘to the feedwater, to counteract any adverse 
conditions. 
purities. 


Other subheadings show sources of feedwater im- 
This type of chart is useful in visualizing the chemical 
conditions which may exist and the corrective measures which 
should be taken. . 
As is indicated, emphasis has been placed upon avoiding high 
conductivity due to condenser leakage, adjustment of the pH to 
the highest practical value, and the maintenance of reducing 
conditions in all parts of the system where such control is feasible. 
Dealing with the details of chemical control, it has been real- 
ized that all of the factors listed in Fig. 2 are somewhat interre- 
lated and that the corrosion rates may be dependent upon a 
combination of conditions. This interrelationship is not always 
clear, but it has required consideration when making adjustments 
to the treatment control or in evaluating the corrosion found 

The effect of conductivity on corrosion rate has not been shown 
definitely but it is obvious that the higher the conductivity of the 
water the better the opportunity for electrochemical corrosion to 
proceed. Therefore any unnecessary increase in feedwater 
conductivity has been avoided: This matter has not been con- 
sidered when adding the chemicals for treatment, since their 
beneficial effects are assumed to be much greater than any ad- 
verse effect due to conductivity. The avoidance of condenser 
leakage or addition of other high-conductivity water has been 
given first consideration. 

The control of pH in the steam condensate, the feedwater, and 
the drip returns is considered to be of primary importance and 
has been given the greatest amount of attention. 

As is known, the steam condensate, which is practically the 
whole of feedwater, is unbuffered, and any small amounts of acid 
or alkali will make a considerable change in the pH value. There- 
fore the elimination of dissolved carbon dioxide which forms 

* carbonic acid, and the minimum generation of acids from sodium 
sulphite in the boiler water, are given close attention. As a 
first step, the pH value of the steam condensate is maintained in 
excess of pH 8.2 by careful regulation of the boiler-water alka- 
linity and sulphite concentrations, and the exclusion of earbon- 
ates from the feedwater. The retention of 0.02 ppm to 0.04 ppm 
of ammonia. in the feedwater assists in neutralization of any 


small amounts of acid elements in the steam and raises the steam 
condensate above its neutral point of pH 7. 

A detailed account of the effects of sulphite in the boiler water 
on the quality of the steam condensate is given in a separate 
paper by Alexander and Rummel. 

In order to exclude carbonates from the feédwater, close atten- 
tion is paid to maintaining a low alkalinity in the make-up water 
to evaporators and in reducing condenser leakage. The elimina- 
tion of carbonic acid from the svstem has been given considerable 
study. It has been found that most of the dissolved gases can be 
removed by use of the deaerating equipment which was installed, 
but that adequate venting of the deaerators and evaporator con- 
densers is of great importance to the control. This venting is a 
necessary part of the pH control and the removal of dissolved 
oxygen. 

‘The Quality of Steam Condensate as Related to Sodium Sul- 
phite in the Boiler Water,"’ by R. C. Alexander and J. K. Rummel, 
published in this issue of the Transactions, pp. 519-527. 


FEEDWATER TREATMENT, EARLY STEAM-ELECTRIC STATION OGPERATION 


tered into chemical control of corrosion in the feedwater systems - 
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The final adjustment of the pH of the feedwater is accom- 
plished by continuous addition of caustic soda, and most of the 
residual dissolved oxygen is removed by addition of sodium sul- 
phite. The pH value of the feedwater, which was formerly held 
to pH 8 to pH 8.2, has been raised to pH 8.5 topH 9. The higher 
pH is believed to be beneficial in reducing corrosive effects due to — 
dissolved oxygen which is present in measurable amounts in the 
water leaving the main condenser and probably persists as traces 
in the water leaving the deaerators. 


In units Nos. | and 2, the caustic soda and sodium sulphite are — 
added after the condenser hot-well pumps in order to afford fur-— 


tor. Formerly, these chemicals were added to the deaerator— 
storage tank. The change in the point of feeding has presented 
some problems in keeping the feed rate constant, but this method | 
of feeding has caused no apparent interference in the removal of — 
carbon dioxide at the deaerator, as was originally feared. Lr- 
regular feeding of the chemicals, due to intermittent pump opera-_ 
tion, Was overcome in part by use of an equalizing tank, but there 


current-motor drive for the pumps. 


There has not been sufficient time to determine the effect on — 
corrosion due to the increase in the pH of the water and the'fur- — 
ther removal of dissolved oxygen, but the amounts of iron and _ 
copper in the feedwater are believed to be reasonable for the 
operating conditions which are experienced. This investigation is | 
being continued and recorders for hydrogen and pH are being — 
used in collecting the data. 


rABLE 1 TYPICAL WATER ANALYSIS, UNITS NOS. | AND 2— 
HARBOR STEAM PLANT 
— BOWLER WATER—— 
ene. $0, | 
N 60 | 65 | 25] 7 
Mox [es 175 9 | 40 3 
Min | 110 | 45 | 70 | 75 | 3 7 | 20 | | 600| 10-60 
: | = | 
| 0 3 {7812 
jet 
Mox | 90 | 0 | 76/.3 | 


—— JET CONDENSER CONDENSATE — 


Min | 85 Oo | 01 | 2 OM 
Norm 7.0 | 08 104 150) 
Mox|88 0 [30 


—-SATURATED _ STEAM — EVAPORATOR CONDENSATE 


201-41 
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4—_——_ 4 
| 400) 550) 30 | 40 (4006 
Min | 325400, 19 | 10 3000 
~AUX CONDENSER © SATE— 
TIME| pH | CQ.) NH, |MHO 


_| | 2 | | = t—t | 


Results os PPM except os noted 


Norma!) 8.3. | .65 
65 


The analytical results, which are typical of present operating 
conditions for units Nos. | and 2, are shown in Table 1. 


FREQUENCY OF SAMPLING AND Use oF Conrrou TEsts 


\ schematic flow diagram of the feedwater system and the 
location of various sample points which are available are shown in 
Fig. 3. The sample points which are used for routine tests are 
circled by a solid line and the samples which are taken less fre- 
quently are shown by dotted lines. 

Generally, sufficient chemical-treatment control has been 
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maintained by daily tests made on the steam, the feedwater from 
the deaerator, the condensate from the evaporator condenser, the 
boiler water, and the effluents from the zeolite sefteners. ; 

To determine the minimum vent settings, at times it is neces- 
sary to examine the condensed vented vapor for pH and gas con- 
tent, and to compare the pH of the evaporator condensate or the 
feedwater with the vent opening. 

In order to determine the effectiveness of oxygen removal in 
the deaerators and the prevention of in-leakage of oxygen in the 
vicinity of the condenser hot well and condensate pumps, it is 
necessary to make weekly tests for dissolved oxygen. Indirect 
tests for dissolved oxygen can be made at any time by determina- 
tion of the sodium sulphite remaining in the feedwater. This 
test is much more rapid than the direct method, but, for the pres- 
ent, the direct modified Winkler method is being retained. As a 
matter of normal routine, the ‘increase and decrease in sodium 
sulphite demand for maintenance of minimum sulphite concen- 
tration in the boiler water can be interpreted as showing the pres- 
ence of more or less oxygen in the feedwater. ‘ 

Occasional to frequent tests are made of the water leaving the 
aftercondenser in the vacuum system of the main condenser. 
These and related data are used to show when it is advisable to 
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throw the condensate to waste instead of returning it to the sys- 
tem. For example, if the ammonia content of the feedwater is 
higher than is necessary to maintain the desired pH in the steam 
condensate, the aftercondenser condensate will run high in am- 


monia, and-a part or all of this condensate may be thrown to 


waste. In some other system or at another time the free carbon 
dioxide in the water may be the main consideration. 

As has been indicated, the tests most frequently made on the 
samples of steam condensate are pH value and conductivity ex- 
pressed as micromhos.. Tests for free carbon dioxide and am- 
monia are made less frequently, but sufficient tests are made té 
control adequately the venting of deaerators, the evaporator 
condensate, and to show any need for other adjustments which 
may be possible. ‘ : 

The determination of tron and copper in the feedwater are 
being made frequently during investigations of corrosion, and it 
is likely that these tests will be made occasionally in the future. 

Tests for soap hardness, alkalinity, and free chlorine are made 
on the raw city-water supply, and hardness alkalinity, and free 
mineral-acid tests are made of the effiuents from the zeolite 
softeners and the blended soft water from the degasifying tower. 


The alkalinity of this water is maintained at approximately 25 


ppm. 


schedule the minimum amount of test work which should be done, 
but the laboratory personnel are expected to make such addi- 
tional tests as may be’ indicated by the control tests which are 
made on schedule. 


INSPECTION OF EQUIPMENT 


At times of overhaul, or during other shutdown periods, the - 


opportunity has been taken to inspéct the equipment for signs of 
corrosion and the presence of deposits on the metal surfates. 
Inspections now being made by competent personnel are being 
used as a guide to the effectiveness of corrosion control by feed- 
water treatment at Harbor Steam Plant. It has been noted that 
those parts of the system in whieh the dissolved oxygen has been 
present and the pH values low, are most likely to show corrosive 
effects. No severe general corrosion has been found in any of the 
units, and this is attributed to the care which has been taken in 
applying the chemical controls which have been recommended. 
At this time it is believed that satisfactory progress has been made 


in improving the feedwater conditions so that loeal corrosive at-" 


tack may be reduced toa practices al minimum. 
Finally, it has been shown by tests and inspections that effec- 


tive deaeration throughout the system for removal of corrosive ° 


gases is of prime ‘importanee to the success of ‘corrosion control. 


At the Harbor Steam Plant it-has been found necessary to 
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By R. G. STURM,! L. 

This paper discusses the variables and considerations in 
the design of spherical heads or shells, initially out-of- 
A method of 
calculating charts for design purposes based upon the in- 
stantaneous modulus of elasticity is presented herein. 
Calculations and charts for aluminum 3SO, and charts 
for stainless steel, 17-7 and ‘‘A’’ nickel are shown. 


round, when subjected to external pressure. 


NOMENCLATURE 


“HE following nomenclature is used in this paper and is 
| the same as that previously used for similar papers (1, 2, 
3) :* 
A = maximum value of deflection, in. : 
Ao = maximum initial departure from a perfect sphere, in. 
E = modulus of elasticity (Young’s Modulus), psi . 
Ek’ = tangent modulys of elasticity, psi 
R = radius of spherical shell, inches. 
S = total stress in the shell (direct stress and bending), psi 
Si: = average stress in shell due to pressure only, psi _ 
S: = stress in deflected shell due to bending, psi 
S, = stress in shell at collapse, psi 
S, = ultimate strength of material, psi 
= modulus of failure, psi 
W = actual applied pressure, psi 


W. = collapsing pressure for perfect shell, psi 
collapsing pressure for an out-of-round shell, psi _ 


INTRODUCTION 


The design of spherical shells or pressure vessels with heads of 
spherical contour subjected to external pressure or pressure on 
the convex side is complicated by the unavoidable initial out-of- 
roundness of the manufactured shell or head. Beside the basic 
concepts of the strength of materials, other factors, such as 
. secondary stresses due to bending, must be recognized as con- 
tributors to buckling action. 

The analysis presented herein leads to curves which may aid 
designers in the proper selection of spherical shell or head thick- 
nesses when manufacturing tolerances are considered. It is 
hoped that such curves will be of value to the ASME Code for 
Unfired Pressure Vessels. 

The type of eccentricity is an important factor. Th. von Kér- 
man and H. Tsien (4) point out that a full cup deflection is a stable 


1 Professor, Purdue University, Lafayette, Ind. Mem. 
ASME. 

? Standard Oil (Indiana) Fellow, Purdue University. 

* Graver Tank and Manufacturing Company, East Chicago, Ind. 
Jun. ASME, 

‘ Numbers in parentheses refer to the Bibliography at the end 
of the paper. 

Contributed by the Special Research Committee on Strength of 
Vessels‘Under External Pressure, and Pressure Vessel Research Com- 
mittee of the Welding Research Council of The Engineering Founda- 
tion and presented at the Annual Meeting, New York, N.- Y., No- 
vember 27-December 2, 1949, of Toe American Society oF hos 
CHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—A-70. 
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condition, but a flat deflection is very unstable. The size of the 
deformed area is also a critical factor. 

Investigators have attacked the problem in two general ways. 
Von K4&rm4n and Tsien (4) have used the theoretical approach as 
applied to thin.shells, whereas Zick and Carlson (5), and Mariner 
and Keith (6) have approached the problem from the experi- 
mental viewpoint. 

This paper treats each shell as a departure from d perfect shape 
in which the bending stress contributes to yielding and collapse. 


The methods used are primarily analytical and follow similar 


analytical studies for cylindrical vessels. The analysis for cy- 
lindrical vessels has been substantiated by tests and serves as the 
basis for computing allowable out-of-roundness charts for the 
present ASME Code for Unfired Pressure Vessels. 


ANALYSIS 


The basic equation for the buckling of a perfect sphere which is 
thin enough to buckle elastically is 


t 


If, however, the head is perfectly spherical but buckling does 
not occur until the compressive stress in the wall is above the 
proportional limit, a close approximation of the buckling stress 
is obtained by using a reduced value for the modulus of i 
ticity (1). For this case, the tangent modulus of elasticity EF’ 

used. The effective, or tangent, modulus of elasticity is the + tom 
of the tangent to the stress-strain curve at the stress considered. 
Von K4rma4n and Tsien corroborate the use of this modulus in 
preference to the secant modulus (4). The resulting equation is 


t 
S, = 0.6 E’ ( whitey {2} 
which is more useful when written as 
t 
S,./E’ => 0.6 ( ) [2a] 
R 


In Equation [2a], the physical properties of the metal (S,/F’) are 
separated from the geometrical dimensions inherent to the head 
or shell. 

The general expression for the maximum value of deflection for 
an elastic structure initially out-of-round is given by the equa- 


tion 
W ) [3] 
A = Ao W 


At collapse W becomes W, and this expression gives the value of 
the moment arm which together with the force in the shell or 
head wall makes possible the computation of the s 
stresses due to bending. 

From the basic laws of statics, 


secondary 


the average compressive stress 


in the wall of a spherical shell under external pressure is given by 


the equation 
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At the collapsing pressure for a perfect spherical shell, this stress which gives a measure of the value A at the pressure causing of ' 
is great enough to cause collapse. In out-of-round shells, the collapse of the out-of-round vessel. ter 


additional stress due to bending must be included in the com- A term often used to predict the maximum load-carrying ca- 
putation for collapse. From Fig. 1, the moment due to the com- _ pacity of beams is the modulus.of failure, 8, which is the hypo- 
; thetical value of stress obtained from the ordinary flexure stress 


UNIT, THICKNESS 


: Me A 
formula S = 3 using the value of M corresponding to the 


maximum lIpad on a test beam. The value thus obtained is used 
to predict the maximum value of / for other beams. 

From a consideration of a simple rectangular beam, such as a * 

_ narrow strip of a shel] wall (see Fig. 2), a value for this modulus of 

7 - failure can be arrived at analytically for the case of pure bending. 

] ~ At maximum load, the actual stress distribution will be that indi- 

cated by the curved line ‘in Fig. 2, which shows a maximum stress 

_ equal to the nominal tensile strength S, of the material. The 

hypothetical stress distribution is the straight line which termi- 
nates at the modulus of failure S. 


UNIT THICKNESS 


M= StOR 
LEGEND f 
WITHIN ELASTIC RANGE pe 
Fic. Derivation or Stresses 1n WALL oF SHELL conc 
~ 
pressive force in the shell and the total radial deflection of the 
shell from its true spherical form causes a bending stress of 
F = 5(172)072) 
= 
WITHIN PLASTIC RANGE 
which reduces to 
AR Fic. Derivation oF Mopvu tvs or 
By equating the moment from the hypothetical stress distri- 
buti > actual s istri xims 
Therefore the combined effects of Equations [4] and [5] give stress across half of the beans, the following relation 
the total localized stress in the out-of-round shellor head. Thus. 
: is obtained 
the general expression for the maximum total stress in the shell ; . . 
at any pressure is : t ee t t 
28,(1) | = = 2-(1){— }{- 4 
AR 2 4 2 \2 3 
frorn which we get 
At collapse, the maximum deflection AR in Equation {6] is the S Gy... [10] 
value of A given by Equation [3]. The stress at collapse is, ae Numerous tests have indicated that for narrow beams S is -{ 
"6A usually less than 1.5 S,, and for wide beams or plates S is often 
S=S:({1+ (7] appreciably greater than 1.5 For a usable approximation in . 
this paper, however, the relation given by Equation [10] has been 


used. 
At collapse of an out-of-round shell, the maximum localized 


The ratio between the collapsing pressure of an out-of-round 


shell and the collapsing pressure of a sphere can be defined as a : 
reduction ratio Cg, which may be expressed mathematically as stress would then be, expected to be practically equal to the value 
of S. When this value is substituted for the value of S in Equa- 
? { 7 . tion [7] and the value of A frem Equation [9] substituted in 


This equation then may be solved for the ratio of Ao/t in terms of 
the allowable reduction in strength represented by Cp, the ratio 


» 


q 
| 
(W 
Not 
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This value of Cp introduced into Equation [3] gives § = {11} 
C 
| 
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of the thickness to the radius (t/R) represented by S; and the ma- 
terial in the vessel represented by S. The resulting equation is 

= 


At collapse of an out-of-round vessel, the value of S,; is (WR) / 
(2t). For a perfect shell at collapse, the average stress is S, = 
(W.R)/(2t). Therefore . 

Now, the right side of Equation [12] may be divided by S,, the 
average stress in a perfect shell at collapse, to give 


As the’ first step toward evaluation of the Ao/t values, a range 
of design! characteristics, thickness to diameter ratio, was selected 
(see Table 1, column 1). This choice made the geometric design 
conditions the independent variables in the calculations of Ao/t, 


TABLE 1 


and all physical properties of the material were later determined 
from appropriate charts. 

The values of Cp for computations are listed in column 2, 
Table 1, and values of S,/E’, calculated from Equation [2a], are 
listed in column 3; thus columns 1 through 3 are independent of 
any physical and metallurgical properties and can be used when 
constructing tables for all metals. 

The figures listed in Table 1 are for 380 aluminum. The values 

of S, for column 4 were obtained (2) from the ordinate of Fig. 3 
at the intersection of the S,/EZ’, (abscissa) value, and the ap- 
propriate curve. With proper regard to existing data, the modu- 
lus of failure for 380 aluminum was taken as 21,000 psi (7). 
. The component parts of Equation [13] were calculated, and 
listed in Table 1. The resultant values of Ao/t, listed in column 11 
do not consider a safety factor. However, any suitable factor 
may be applied to the resulting curves by dividing the pressures 
at collapse by that factor. 

The results of the foregoing calculations are presented in Fig. 
4. This chart was composed by designating the abscissa as the 
maximum initial departure from a true sphere divided by the 
head thickness (Ao/t) and the ordinate as the ratio of the col- 
lapsing pressure for the out-of-round head to the collapsing 
pressure for a perfectly spherical head (Cg). The curves were 
plotted for various ratios of diameter to thickness and for vessels 
operating under standard temperature conditions. 

Charts for ordinary temperatures were also calculated and 


DESIGN CHARACTERISTICS OF 380 ALUMINUM 
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mRVES Usep ror DeTERMINING Moputus oF ELAstTiciTy 
or ALUMINUM, 380 


2 


REDUCTION FACTOR FOR ELEVATED 


100 200 300 
TEMPERATURE -DEGREES F 


Fic. 5 ror DETERMINING STRENGTH REDUCTION FAacTOR FOR 
380 ALUMINUM AT ELEVATED TEMPERATURE 

drawn for 17-7 stainless steel and “‘A’’ nickel, and are represented 

in Figs. 8 and 9, respectively. The S/F’ curves for these mate- 

rials may be found (2) in Figs. 6 and 7, respectively. 

Both the modulus of elasticity and the yield strength of metals 
operating under elevated-temperature conditions are lower ‘than 
the same properties at standard conditions. Thus charts similar 
to those of Figs. 4, 8, and 9, shotld be drawn for various tempera- 
ture conditions. However, a strength-reduction factor for 
‘aluminum, 380, can be obtained from Fig. 5. This chart gives a 
reduction factor which corrects for both the reduction in modulus 
of elasticity and yield strength of 380 aluminum: The factor is 
applied by multiplying the value of W obtained from Fig. 4 by 
the correction for the desired temperature to get the reduced value 
of collapsing pressure at an elevated temperature. 
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Fic. 4 CxHart ror DegeRMINING WorRKING PRESSURE FOR AN INI- 
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Fic. 6 Curves Usep gor DeterMINING Moputus or ELAsticiry 
OF STAINLESS STEEL, 17-7 


SumMary 


Inavoid: out-of-roundness ine in the manufac ture 
of spherial heads or shells necessitates a consideration of the de- 
crease in strength of such vessels due to additional stress caused 
by the initial deviation from a true sphere. 

2 The type and size of deviation from a trué sphere is im- 
portant. A small’ cup deflection agtually stabilizes the shell, 
but a flat deflection contributes to instability and will give rise 
to buckling failure. . 

3 A relation between the collapsing pressure of an-out-of- 
round shelf or head, and the Value of the initial deviation from a 
true sphere has been analytivally derived, and charts prepared 
‘for three representative metals. 

4 A method by which similar charts may be constructed is 
presented-herein. This method separates the physical proper- 
ties of the metal from the geometrical dimensions of the shell. 

5 Suitable reduction factors may bé applied to determine the 
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Fic. 7 Curves Usep FOR Derermining Mopvutus or Evasticiry 


OF “A” Nicker 


40 


Fie. ror DeTeRMINING WorkING Pressure OF AN 


TIALLY Ovut-or-Rounp SHELL Constructep OF “A” Nicke. 
collapsing pressure for 380 aluminum at an elevated tempera- 
ture. This may be accomplished by multiplying the collapsing 
pressure for the out-of-round vessel at standard temperature by 
the reduction factor for the desired temperature. The reduction 
factor is ‘less than unity for temperature above standard condi- 
tions, 

6 Factors of safety may be applied to the results presented 
here for industrial use. This consideration would not necessitate 
recalculations of the fundamental relations utilizing the allowable 
“tress, because a suitable factor could be applied directly to the 
“ollapsing pressure. 

7 Experimental verification of the charts presented herein is 
desirable, 
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Addendum 


In determining the moment arm for the derivation of Equation 
{5], the initial deflection, Ao, was omitted. Consideration of this 
Value alters Equation, [3 ], Since 


and A =A, (, ) 


The value of A thus obtained satisfies the definition of A in the 
nomenclature, and changes Equation [13] to 


S 
( R 
1 
t 6 Cp 
. 


This materially changes column (11) of Table |, Design Charac- 
teristics, with the result that the abscissas for the curves are 
changed. This is accomplished by multiplying the values of 
Ao/t by Cp at each value of Cp and t/D. By means of this modi- 
fication the curves in Figs. 4, 8, and 9as published can be used for 
design. 
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Discussion AuTHoRS’ CLOSURE 
Dr. Holt has raised a very interesting question which should 
have been covered in the original paper. The work by von 
K4rmén and Tsien deals with extremely thin shells in which the 
material has an indefinitely high elastic limit. The coefficient 
’ 0.18 determined by von K&rman and Tsien represents the reduced 
value of the classical coefficient, 0.60 for. perfectly spherical 
shells. 

This reduced value results from a consideration of an eccen- 
tricity sufficient to produce a ftat spot over an area which will 
make the value of the coefficient a minimum. Therefore the 
coefficient 0.18 cannot be used as a basis for determining 
the initial out of roundness because it intrinsically includes the 
effects of out of roundhess. 

Dr. Holt is correct in expecting the effects of Poisson’s ratio 
and biaxial loading to compensate for each other. A considera- 
tion of the maximum distortion energy theory for biaxial bend- 
ing reveals that when the two bending stresses are nearly equal 
and the stress normal to the shell is negligibly small the critical 
stress for inception of plastic action is the same as for uni- 
directional stress. 

For elastic action Poisson’s ratio is included in the derivation 
te by Th. of the’ coefficient, 0.60. ° For plastic action the analysis and 


von K4rm4n, and Hsue-Shen Tsien, Journal of Aeronautical Sciences, “¢Tivations may not be as precise as for elastic action but have 
vol. 7, 1939, pp. 43-50. : been found. to give reliable results for engineering usage. 


4 


MarsHatu Hort.’ Coincidently Equation [1] of the paper also 
applies to the buckling of thin-wall circular cylindrical shells 
under axial load. Inasmuch as test data and theories of large de- 
flections indicate that the coefficient 0.6 is too large, the question 
naturally arises as to the validity of this value of the coefficient in 
the problem of spheres. Von Karman and Tsien arrive at a value 
of 0.18* for shells which are extremely thin and whose deviation 
from circularity gives the minimum elastic buckling strength. 
Although this coefficient does not enter the mathematics of this 
paper, it will be of great importance to the experimenter who 
tries to deduce from test results the out-of-roundness that must 
have existed in his specimens. 

In establishing the equation for maximum stress, no considera- 
tion is given to the fact that the shell plate is bent in two direc- 
tions. It would seem that Poisson’s ratio should enter this equa- 
tion. On the other hand, the modulus of failure is deduced from 
the results of a test under uniaxial stress without consideration of 
the effects of biaxial loading on the ultimate strength of materials. . 
The authors, no doubt, expect these two effects to compensate for 
each other. : 
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By A. F. SCOTCHBROOK,? L. 


' This paper presents the results of a study using the 
Lehigh slow notched-bend test to determine the effects of 
welding on as-received and prestrained plate. It also dis- 
cusses the effects of different heat inputs in welding, the 
effects of plate thickness, of carbon content and deoxida-~ 
tion practice, and of heat-treatment after welding. 


INTRODUCTION 


HE effect of fabrication processes on steels used in pressure 

vessels is a subject to which considerable attention has been 

devoted by the Fabrication Division of the Pressure Vessel 
tesearch Committee of the Welding Research Council. It is 
desired to know which fabrication operations are harmful to the 
mechanical properties of steels, and to what extent. Eventually 
this information should lead to materials specifications and to 
codes of recommended fabrication practice, based upon measured 
responses of steel to various treatments. With these objectives, 
the Pressure Vessel Research Committee is sponsoring a project 

Lehigh University. 

In earlier itivestigations (1, 2, 3)* the effects of various simu- 
lated fabrication operations were determined by measuring the 
changés in transition temperature, strength, and ductility of the 
material. These fabrication processes included various degrees of 


treatments (3). 

This report considers another fabrication process—welding. It 
was desired to know how different grades of pressure-vessel steels 
respond to welding, and to observe the effects of plate thickness, 
of plastic strains before welding, of high and low heat input during 
welding, and of heat-treatments after welding. 


MATERIALS 


For the tests reported here, six plain-carbon steels were selected 
from several] mills to cover a range of grades, carbon contents, and 
deoxidation practices. A complete history is available (2) for two 
of the steé¢ls used, A-201 and A-70, each in two thicknesses, steels 
A (A-201) and E (A-70) of 5/s-in. thickness, and steels B (A-201) 
and F (A-70) of 1°/4 in. thickness. 
pecially for research purposes. 


These steels were made es- 
The others came from regular mill 
stock. Samples for chemical analysis were taken from the steels 
according to recommended ASTM procedure, and the results of 
these analyses are given in Table 1. Also included in Table 1 are 


1 Progress Report No. 4 on the Effect of Fabrication Processes on 
Steels Used in Pressure Vessels, submitted to the Fabrication Nivision, 
Pressure Vessel, Research Committee of the Welding Research Council 
of The Engineering Foundation. 

* Former Research Assistant, Fritz Engineering Laboratory, Lehigh 
University, Bethlehem, Pa. 

* Research Assistant, Frits Engineering Laboratory, Lehigh C ni- 

versity, Bethlehem, Pa. 

‘ Associate Professor of Metallurgy, Lehigh University. 

* Director, Fritz Engineering Laboratory, and Professor of Civil En- 
gineering, Lehigh University. 

¢ Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Contributed by the Special Research Committee on Strength of 
Vessels Under External Pressure, and the Pressure Vessel Research 
Committee of the Welding Research Council and presented at the 
Annual Meeting, New York, N. Y., November 27—-December 2, 1949, 
of Tae AMeRICAN Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of the 
Society. Paper No. 49—A-49. 
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ERIV,’ R. D. STOUT,‘ anv B. G. 


plastic strain produced by uniaxial stress, followed by various heat- ; 


JOHNSTON® 


strength and ductility data for the as-rolled plate, as determined 

by standard 0.505-in. tensile tests at Lehigh University. = 

SPECIMEN PREPARATION AND TESTING 7 

The transition temperature of each steel was determined for 
each of the following conditions: 


(a) Welded. 
(b) Welded and heat-treated at 500 F. _ : 
(c) Welded and heat-treated at 1150F. 4 
(d) Elongated 5 per cent and welded. 

(e) Elongated 5 per cent, welded, and heat-treated at 500 F. 
(f) Elongated 5 per cent, welded and heat-treated at 1150 F. 


This schedule was followed for two heat inputs: 175 amp at 10 
ipm with an E6010 */,.-in. electrode (called W1), and 275 amp at 
8 ipm with an E6010 '/,-in. electrode (called W2). To cut down 
on expensive machining operations, conditions (b) and (e) were 
not used for the 1'/,-in. plate (steels B and F). 

The longitudinal bead notch- bend test, Fig. 1, was used as de- 


D,Notch Depth = 0 080" - 4 
o,Notch Angie = 45° 


FR, Root Rodivs = 0.010" 


Felling Direction 


Fic. 1 Stow Notcuep-Benp Specimen Wits 
veloped by a Welding Research Council project at Lehigh Uni- 
versity (4). With an automatic welding machine, a weld bead 10 
in. long was deposited on a plate surface of the 3-in. X 12-in. 
specimen. Heat-treating was done one day after welding. The 
5/s-in. plate was then notched and tested at plate thickness, while 
the 1'/,-in. plate was shaped down on the unwelded surface to a 
thickness of 5/s in. before notching. Specimens were tested 1 : 
week after welding. 
The 5 per cent prestrain for the foregoing conditions (d), (e), (f) 
was producéd by stretching strips 9'/;-in. X 16-ft in an 800,000-lb 
testing machine. Gage marks were scribed at 2-ft intervals along 
the strips, and the distances between marks were measured regu- 
larly during the pulling. A 2-ft section from each end of each strip 
was discarded to avoid using material which had been nonuni- 
formly deformed because of the restraints at and near the testing- 
machine grips. 
The specimens were tested in bending, as in n Fig. 2 Three 
measurements were made on each specimen—per cent lateral 
contraction, per cent of the fracture area which was cleavage, and 
energy absorbed by the specimen from the start of the test until 
the load had passed its maximum and dropped to a value equal to 
half the maximum. The per cent contraction values were ob- 
tained by measuring with a pointed micrometer the width of the 
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TABLE 1 RESULTS OF ANALYSES 


Project A.3.7.M. Deoxidation Plate C Mn P $s 
Letter Ho. Thick 


I 4-285 Rimmed 6/8" .15 .38 .012 .030 


Grade A 


K 4-285 Semi-killed 5/8" 009 .43 .014 .027 


Grade A 


4-285 Rimmed 5/8" .20 .40 .030 


Grade C 


A~70 Rimmed 5/8" 037 2019 2028 


r 4-70 Rimmed 1 1/4" .36 .018 .028 


Killed 


B 42201 Killed 1 1/4" .15 .86 .020 .019 


P Killed 6/8" .12 .41 .018 .027 


SPECIMEN SIZE 
NOTCHES AT 4” INTERVALS 


% 
\ 
1290 NOTCH: 
DEEP 
45° ANGLE 


OIO"ROOT RADIUS 


| 


Fic. Tue Stow Notcuep-Benp Test 


specimen '/3. in. below the notch before and after the test. Per 
cent cleavage measurements were made on a fractured section 
with a steel scale. -Energy values were determined by measuring 
with a planimeter the area under a load-deflection curve obtained 
autographically during tlie test. 


Twelve specimens, or twenty-four notch tests, were used for 


each condition, four tests at each of .six temperatures. The 
average values at each temperature were connected by straight 
lines, and the transition temperature was the point at which the 
per cent contraction, per cent, cleavage ‘or energy was equal to 
half’ its maximum. When occasionally the transition curve 
formed a plateau near the transition temperature, a transition 
range was reported as well as a transition temperature. This 
range extended from the temperature of —10 per cent to that of 
+10 per cent of the half-maximum value of contraction, cleavage, 
or energy which had defined the transition temperature. 7'y and 
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$i. Al 41 No Lower 


.17 .56 .020 .022 .041 .003 .005 35,450 63,150 


* from that before welding. 


JULY, 1950 


Maximum Hed. {Elon- 
Yield Strength of Area gation 


Strength p.3.1. 


.010 .007 .004 34,650 59,150 63,8 38.0 


2002 .005 .004 29,600 51,450 73.5 42.3 


e001 .008 .006 .003 32,050 61,400 56.3 37.5 
202 .010 .002 .004 33,850 64,200 63.2 38.5 


202 2.021 .003 .003 26,250 56,300 63.1 39.5 


.041 .006 .004. 31,600 63,300 64.6 36,8 


019 .018 .007 .003 32,850 57,350 66.7 38.9 


7g, the tran ition temperatures obtained from per cent contrac- 
tion and energy curves, respectively, were considered the transi- 
tion temperatures of the material with the original noteh., 7',, ob- 
tained from per cent cleavage curves, was coysidered the transi- 


. tion temperature of the plate when notched by a crack. All three 


temperatures are listed in Tables 2, 3, and 4 


Tg, as described here, is a transition temperature not pre- 


viously determined or reported in the earlier papers. 7’, was 


found to agree very closely with 7'y for unstrained material, and to 


be consistently lower than 7'y for strained material. Fig. 3 
shows typical energy and contraction curves for strained and un- 
strained material. 


To determine the effects of welding, the transition tempera- 


tures of welded specimens were compared with those of unwelded 
specimens from the same material. Although transition curves 
for the as-received condition have been made earlier for steels B 
and F (1, 3), they were repeated for use in the present work. It 
was found that there were some differences between the two sets 
of curves, which are shown in Figs. 4 to 7. The discrepancies be- 
tween the curves must be accounted for by variation from plate to 
plate (2), and by inaccuracy caused by the method of plotting. 
From thesé curves it appears that variations in transition tem- 
perature as high as 30 F could be intrinsic to plate variations 
and to the testing and plotting methods, and could not be at- 
tributed .with surety to the variable being studied. - 


DiIscussION OF RESULTS 
Effect of Welding As-Rolled Plate. Welding increased notech- 


_ sensitivity of as-received plate when measured by per cent con- 


traction or energy. The difference between unwelded and welded 
plate was shown by a significant rise in the transition tempera- 
tures 7'y and 7'g, both of which are affected by the material 
directly below the machined notch. The rise in 7'y caused by 
welding as-received plate is shown graphically in Fig. 8. The 
order of transitién’ temperatures after welding was quite different 
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TABLE 2 EFFECT OF WELDING ON TRANSITION TEMPERATURE CRITERION TN 


Steel As ¥eld Wel Weld Weld Weld Weld Strain Strain Straim Strain Strain Strain train 
Rolled "2 ot welded welied welied welded 
Vastrained Fost Heat Fost  un- welded welded *) 
500°F 1150°F welded "> vost Heat ost Heat 
500°F 1180°F 


33. 15 -8 3 45 35 2 3 20 -18 6 


7 93 


793 


68 58 


-71 66 - - 17 a 48 150 65 - 88 18 


o ©, - Selded using 175 amperes at 10 inches per minute with an B6010 3/16" electrode. 

00 Wo = Selded using 276 amperes at 8 inches per minute with an B6010 1/4" electrode. 
& - -emperature Ramge - 5 to 32 

b = Temperature Mange 45 to 82 

c Temperature kange to 43 

a 


- semperature Range <26 to 
~ Temperature Bange 0 to 50 


TABLE 3) EFFECT OF WELDING ON TRANSITION TEMPERATURE—CRITERION 


Rolled wf wo of Sh welded welded welded welded 
Unstrained Post Feat Post feat un=- welded welded ¥) 
500°F 1150°F welded ®> fest Fost peat ; 


llX’F 


Steel As Weld Weld Weld Weld Weld Weld Strain Strain Strain Strain Strain Strain a. 


29 =34 


- 3 - 5 


45 


55 5 88 


-23 


61 


-27 

68 52 51 7 #4 13 53 26 38-26 25 

B «13 66 SO 33 2 3 «13 14 13 3 12 
F 100 69 -« #33 136 3 - - 30 22 


© ; - “elded using 175 amperes at 10 inches per minute with an E6010 3/16" electrode. 


00 Wp = Welded using 275 amperes at 8 inches per minute with an £6010 1/4* electrode. . 


a - Temperature Range = 3 to 60 


Temperature Range - 58 to 15 x » 


PAL 
1 -2 . 66 41 28 35 -53 45 26 16 - 5 -ll 
kK -53 12 <17 8 40 10 71 53 2 > | 
L. 6s 58 59 35 5S -7 92 45 -10 48 
wae 
* 
q et ov. 
4, 
+ 
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TABLE 4 EFFECT OF ON TRANSITION TEMPE RATURE- —CRITERION—Ts 
4 Steel As Weld Weld Weld eis Weld ry Strain Strain Strain Strain Strain Strain Strain 
Rolled wf . & welded — welded welded 
Unstrained Post Host Post Heat un- welded welded ¥2 
500°F 1150°F welded ¥2 Post Post feat 
500°F 1150 
| a 6 6 5 3% 5S 4 2 50 9- 108° 115 122 e4 68 
B 81 78 «70 - - 67 64 83 95 118 - - 91 94 
P #50 13 13-11 28° -10 57 65 56 44 48 38 
I 45 80 (75 8 74 8 61 79 114 85 113 86 oe 57 
K 55 66 47 55 38 60 75 79 117 v 103 86 80 él 
L 9 92 108 110 100 108 156s «148 153 142 131 107 
BE 110° 99 98 109 119 133 123 118183 -150 175 - 127 125 115 


? 180 157 158 . -<« - 156 164 


163 163 212 158 166 


; oe ©) - Welded using 175 amperes at 10 inches per minute with an E6010 3/16" electrode. 


00 W> = Welded using 275 amperes at. 8 inches per minute with an £6010 1/4* electrode. 


| 
100-50 6) TOO 


160-50 


5{2000 4 
ENERGY FTLA 
4/1600 
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Fic. 3 Comparison or Per Cent CONTRACTION AND ENERGY CURVES FOR ‘A-201, 


The notch sensitivity measured by fracture appearance was 
little affected by welding. This is shown in Fig. 9 by a small rise, 
or even a drop, in 7’, values from unwelded to welded plate. 
Effect of Welding Prestrained Plate. As seen in Fig. 10, pre- 
straining often but not always raised somewhat the transition 
temperatures of as-received plate. The effect of welding this 
plastically prestrained plate is shown in Figs. 1l and 12. Asin.the 
case of as-rolled plate, the 7'y for strained plate was significantly 
raised by welding, Fig. 11. The Ty level after welding strained 


metal was a little higher than that after welding unstraine 2d metal, ° 


Fig. 13. 

When the effect of welding prestrained steel is considered in the 
light of the transition temperature 7', in Fig. 12, it can be seen 
that 7’, for strained steel was raised up to 75 F by. welding. 
Ty for strained and welded plate was, in most cases, appreciably 
higher than that for unstrained and welded plate, Fig. 14. 

Effect of Heat Input. In comparing the differences in leyel be- 


/s-IN. M'ATERIAL 


tween Wl:and W2 in Figs. 8, 9, 11, and 12, it may be noted that, 
except in two cases, the two heat inputs resulted in about the same 
transition temperature for these plain-carbon -steels. 

Effect of Plate Thickness. It can be seen from Figs. 8 to 11 that 
welding usually caused greater increases in 7'y for steels B and F, 
which were welded at 1'/,-in. thickness, than it did for the other 
steels, welded at °/s in. thickness. Since all the steels were tested 
in 5/, in. thickness, this indicates that the increased cooling rate 
after welding, imposed by the thicker plate, resulted in a higher 
Ty transition temperature. The 7’, transition temperature, Figs 
9 and 12, was changed by welding to about the same degree for 
1'/,-in. and 5/s-in. plate. 

Effect of Carbon Content and Deoridation Practice, There ap- 
peared to be-some correlation between carbon content and tran- 

’ sition temperatures, both before and after welding, as shown in 
Fig. 15. This figure contains only the v alues for. the —_ of § 
in. thickness. 
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In Fig. 16 the steels are grouped according to deoxidation 
practice. According to either 7'y or 7's, the rimmed steels had 
the highest transition temperatures after welding, the killed steel 
with aluminum addition next, followed by the semikilled, and 
straight silicon-killed steels. It is interesting to note that the four 
steels selected at random from mill stock compared favorably 
with the two pedigreed steels prepared especially for research 
purposes. . 

Effect of Heat-Treatment After Welding. The effect of a 500 
F heat-treatment after welding unstrained metal at the lower heat 
input is illustrated in Fig. 17. The heat-treatment has little 
effect—it sometimes lowered 7'y and 7’, slightly and sometimes 
raised them. The 1150 F postheat, however, Fig. 18, lowered 
Ty by as much as 70 deg, while 7’, was unaffected. 

Strained and welded metal, however, responded more readily 
to heat-treatment. In Fig. 19 it can be seen that even the 500 
deg postheat lowered 7'y somewhat, and it left 7’, unchanged. 
The 1150 deg postheat, as shown in Fig. 20, resulted in a lowering 
of Ty by as much as 100 deg, and also a consistent lowering of T' ,. 

The same responses were found after the higher-heat-input 
weld. | 

Effect of Welding on Hardness. A study was made of the hard- 
ness of the material immediately below the weld in all conditions. 
It revealed little beyond the fact that welding increased the hard- 
ness in this area, and that the 1150-deg postheat had a very slight 
softening effect. 


SuMMARY 


1 Welding appreciably increased the notch sensitivity of the 
material. The increase could not be predicted from the transition 
temperature of the unwelded plate. 

2 Welding prestrained material resulted in a T'y and 7’, of 
slightly higher level than welding unstrained plate. 

3 Welding raised the 7'y transition temperature of thick plate 
more than thin plate. 

4 The levelof transition temperature was apparently a function 
of carbon content and deoxidation practice. 

5 An 1150 F heat-treatment after welding greatly im- 
proved the material affected by the weld. A 500 F postheat 
improved strained and welded material, but not unstrained welded 
material. 
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This paper presents a discussion of some economic fac- 
tors concerned with choosing between a battery boiler 
system as compared to a unit boiler-turbine system, and 
a reheat as compared toa nonreheat plant. Annual costs 
are compared for four power plants containing the several 
basic design features. Emphasis is placed upon the dif- 
ference in average availability of capacity of the four 
plants, effect on availability of two maintenance schedules, 
and result of assigning capital charges based upon differ- 
ence in average available capacity. 


y study concerned with economics,of a new power plant, 

‘ are numerous factors which require consideration. 

Basic assumptions in each case must suit the characteristics 

of the particular power system involved, hence a study made for 
one plant will not necessarily fit the requirements for another. 

This paper covers only certain of the economic tactors believed 

to be pertinent in choosing between (1) a battery boiler system 

and a unit boiler-turbine system; (2) a reheat and a nonreheat 

installation, 
Special consideration was given to the effeet on over-all cost of: 


(a) Availability of capacity in each of the schemes. 

(b) The result of different maintenance schedules on availa- 
bility. 

(c) Assignment of capital charges from the difference 
in average capacity available. 


It is not the intent of the paper to prove that any one of the 
four plant schemes studied is the preferred arrangement since 
this paper represents only a part of a study now being made. 
Selection of one or two schemes from this analysis should be the 
starting point for further investigation as to other throttle condi- 
tions, different sizes and types of turbine-generators, and other 
lesign characteristics Such as outdoor or semioutdoor construc- 
tion, heat-eycle arrangement, and soon. It is believed, however, 
that an analysis of the effect of some of the foregoing factors will 
he of interest to those concerned with power-plant economics. 


Basic Design Features or PLANTS Stupiep 


Four plant designs were selected for study to provide a means 
for investigating the economic desirability of (1) the unit boiler- 
turbine systems as compared to a battery boiler system; and 
(2) resuperheating or reheat as compared to a nonreheat installa- 
tion. Each plant has an installed capacity of 400 mw in four 
100-mw tandem-compound double-flow 1800-rpm turbine-gener- 
ators. Plant A, the battery boiler system, consists of five inter- 


connected boilers; plant B has four boilers, each connected 
directly tots own turbine; plant C has four boilers, one for each 
turbine, which are connected by a crossover; plant D is the unit 

' Engineering Department, The Detroit Edison Company. Mem. 
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Some Factors Influencing the Economics 


of Reheat Installations 


By R. W. HARTWELL! anv H. A. WAGNER,' DETROIT, MICH. 


system as for plant B, but provided with reheat. These plants 
haye totally enclosed boiler rooms and pulverized-fuel-burning 
boilers equipped with unit coal-pulverizing mills. 

The estimated total cost for each of the four types of plants 
considered, and the cost per kilowatt which was based upon uame- 
The 
better thermal economy of the reheat installation is reflected in 


plate turbine-generator capacity, are given in Table 1. 


smaller boilers, condensers, boiler feed pumps, piping, ete., all of 
which have been evaluated in arriving at the total cost of the 
reheat plant. 

Throttle Plants A, B, and C were assigned the 
1300-psi 950 F throttle condition in éomparing the battery boiler 


Conditions. 


system with the unit system, since use of higher steam condi- 
tions would have increased piping costs to a disproportionate 
extent, and unduly penalized the battery boiler system. De- 
troit Edison installed two 100-mw 1300-psi 950 turbine-gen- 
erators and four boilers at Trenton Channel power plant 
during 1949, for which accurate cost data are available. Also, 
two similar machines with the same steam conditions, together 
with four boilers, will be installed for service at the Connors 
Creek plant in 1951. 

In setting up the reheat installation, plant D, an effort was 
made to choose conditions which were high enough to favor a reheat 
eyele and yet which were somewhat comparable with the non- 
reheat condition. The 1450-psi operating steam pressure seems 
to be popular because the cost of turbine-generators for 145 
psi apparently is no more than for 850 psi, assuming the same tem- 
perature for both pressures. Subsequent studies may investi- 
gate the economic advantages of reheat and nonreheat installa- 
tions with equivalent throttle conditions. 

Of the 970,000-Ib per hr 


boilers in plants A and B, each has approximately 10 per cent 


Boiler Capacity and Arrangement. 
excess steam-generating capacity over the maximum = steam 
In the battery 
boiler system of plant A one spare boiler was provided, and all 


requirements of one 100-mw turbine-generator. 


boilers supply steam to a common main steam header. Pro- 
vision of more boilers of a smaller size in the battery boiler scheme 
was not included since it Was determined that more boilers would 
involve a higher cost with no compensating economic return. 
Plant B has four entirely separate unit boiler-turbine combina- 
tions, while plant © is laid out as a unit svstem with sufficient 
crossover piping so that any of the four boilers can supply steam 
The 1,100,000-Ib per hr boilers were 
sized so that any three boilers can supply suflicient steam to carry 


to any of the four turbines. 


rated load, 100 mw, on each of the four turbine-generators 
The larger boilers are desirable to secure a higher average plant 
availability made possible by the crossover. 

The reheat boilers in plant D are comparable with those in 
plant Bin that about 10 per cent excess steam-generating capacity 
over maximum turbine requirements is provided and the four 
boiler-turbine units are entirely separate. 
The 


pumps and heaters for all plants is essentially the same. 


the 
Each 
turbine has two full-size condenser pumps and three half-size 


Pump and Heater Arrangement. arrangement of 


combination boiler feed and heater feed pumps. Five feedwater 
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- heaters are provided for the turbines in plants A, B, and C whereas 
six heaters are provided for the reheat turbines in plant D. 


PLANT AVAILABILITY 


The scheduling of Detroit Edision turbine-generator overhauls 
has become increasingly difficult during the postwar years be- 
cause summer peak loads have shown a pronounced upward 
trend and are now about 88 per cent of the previous winter peak 
loads. 

The 12 per cent difference between the summer and winter 
peak loads represents the theoretical amount of capacity availa- 
ble to accommodate equipment maintenance and overhaul in the 
summer. All of this margin is not available, however, as higher 
circulating-water temperatures during the summer months‘ cause 
a reduction in machine capacity of about 4 per cent. The re- 
maining 8 per cent of the winter peak, which is about 120 mw, is 
available for summer maintenance. Overhaul scheduling for a 
system which includes 28 turbine generators, many of which 
are 75 and 100 mw capacity, is seriously affected, therefore, by 
the anticipated availability of the various machines. 

Maintenance Schedules. In establishing a new plant-mainte- 
nance schedule, it is necessary to forecast the average main- 
tenance time for the boilers and turbines for a minimum 35-year 
period. Operating records for equipment in the system and 
reports of other companies provide a basis for assuming main- 
tenance schedules. For the purposes of this-analysis, two 
schedules have. been used: one based upon singlé-shift mainte- 
nance, and the other on double-shift maintenance (Table 2). 
Each schedule provides approximately the same number of man- 
hours for the equipment overhauls and inspections. 


TABLE 2 MAINTENANCE SCHEDULES, BASED UPON 35 YEARS 
OF OPERATION 


Schedule A 
single shift 


Schedule B 
double shift 
Scheduled outages: 


Turbine overhaul, triannual.......... 5 weeks weeks 

Boiler overhaul, annual............... 2 weeks 1 week 

Boiler inspection, annual.............. 1'/2 weeks 1 week 
Unscheduled outages: 

Turbine forced outage, annual......... 2 days 2 days 

Turbine maintenance, annual.......... 2 days 2 days 

Boiler forced outage, annual........... 1/,day day 


The annual boiler-inspection period gives the maintenance 
personnel an opportunity to check thoroughly the condition of 
the boiler and to make necessary repairs." With an inspection 
period scheduled about 6 months after a boiler overhaul, it is an- 
ticipated that no other boiler outages will occur, except the '/.- 
day forced outage per year. In setting up the lifetime boiler- 
maintenance schedules, it was assumed that all boilers would be 
acid-cleaned, and that a spare coal-pulverizing mill would be in- 
stalled so that no boiler outage will result from mill maintenance. 

The allowance thus made for unscheduled turbine-maintenance 
outage is to cover minor repairs, or adjustments, or other troubles 
_of such a nature that immediate outage is not caused but which 
require correction within a reasonable length of time. 

These two schedules represent possible practice on the part of 
one company. Other maintenance practices in force in other 
utilities? will have an important bearing upon availability as is 
indicated by the difference between schedules A and B. 

Availability Calculation for a Four Turbine - Four Boiler Plant 
A four turbine - four boiler plant arranged on a unit-system basis, 
operating with a single-shift maintenance schedule, 
schedule A, would have availability over a typical 3-year period, 
assuming best coincidence of boiler and turbine repairs as given 
in Table 3. . 


such as 


? Turbine and Boiler Overhaul Practice, EEI Publication No. R-13, 
August, 


TABLE 3 AVAILABILITY OF FOUR TURBINE-FOUR BOILER 
PLANT 


Scheduled outages: 


Ist year One turbine and one boiler overhaul ........... 5 weeks 
ree boiler overhauls .......... ‘ 6 weeks 
Four Deller ‘ 6 weeks 
Total for Ist year..... 17 weeks 
2nd year Same as Ist year 
3rd year Two turbine and two boiler overhauls.......... 10 weeks 
Two boiler overhauls 4 weeks 
Four boiler inspections ................ 6 weeks 
Average scheduled outages per year................... 18 weeks 
Unscheduled outages, 
Boiler forced outage. . 2 days 
Turbine forced outage. 8 days 
Average unscheduled outage per year................. 2 weeks 
Total HOT FEAF... 20 weeks 


Availability = 100 fi — = 90.4 per cent 


52 xX 4 

In these calculations, the effect of increase in frequency 
of foreed outage due to addition of _ ced boiler outage to the 
forced turbine outage in the unit system is minimized, since 
average capacity of the several plants is based only upon avail- 
ability. If the total reserve against forced outage were com- 
puted by probability methods, the increase in reserve required 
by the greater frequency of outage of the unit system would be a 
significant amount.’ The extra reserve capacity so determined 
would be added to the increase in reserve needed for summer 
maintenance for the unit system as indicated herein, to make 
all plants equivalent in average available capacity. 

The availability figures for all plans under consideration and 
for both maintenance schedules are shown in Table 1. 


Capacity CHARGES 


In studying the merits of the four plant designs shown in Table 
1, it is desirable to make each design comparable with the other 
from a capacity standpoint. As is shown in Table 1, plant A 
with its battery boiler system, has the best availability and 
hence the highest average available capacity. Conversely, 
plants B and D, designed as unit systems without crossover 
piping, have the poorest availability and the lowest average 
available capacity. The difference in the average available 
capacity should be considered if, as pointed out heretofore, 
maintenance schedules require that summer peak loads must be 
met with reserves no better than under winter peak-load condi- 
tions.” During the latter, it is assumed in all schemes that full 
capacity is available. The capacity charge is determined by 
applying fixed charges on the investment required to provide the 
difference in average available capacity, as indicated by the 
following example: 


Method of Calculation. With maintenance schedule A_ in 
effect, plant A has a 430,300-kw average available capacity, which 
is 21,700 kw more than the 408,600-kw average capacity of plant 
B. One means of making these two plants equivalent would be to 
install 21,700 kw of additional capacity in plant B. The cost of 
this capacity at $164.40 per kilowatt for plant B would be about 
$3,570,000. Annual fixed charges on this investment, which 
include taxes, insurance, depreciation, and interest, would be 
$357,000. As is demonstrated in this simpie calculation, the 
amount of the capacity charge is influenced by equipment availa- 
bility, the cost of the new capacity involved, and the fixed-charge 
rate. 

Partial Capacity Charges. The annual capacity charge of 
$357,000 computed in the foregoing represents a 100 per cent 
capacity charge. This assumes that each year plant B is in 


* ‘Outage Expectancy as a Basis for Generator Reserve” by H. P. 
pp 1483-1488. 


Seelye, Trans. AIEE, vol. 66, 1947, 
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service Will be one during which a close maintenance schedule is 
in effect wherein careful consideration must be given to peak 
loads during the sumimer months as well as during the winter 
months. Furthermore, it is*assumed that added system capa- 
bility correctly matches load growth, and only a minimum 
amount of reserve capacity is available at all times. 

The likelihood that all of the years in the life of a power plant 
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Since it is extremely difficult to, forecast long-term coal costs, 
one of the annual operating-cost comparisons was made holding 
the annual plant factor constant while varying coal costs from 16 
to 32 cents per million Btu.’ ; 

In computing the coal costs for the various plants, it was 
assumed that for a specific annual plant factor the same number, 
of kilowatthours would be required by the system. The base 


generation therefore would be equal to the net plant capability 
times per cent availability of the battery boiler system times 
It is assumed that the net plant capability 
A plant with a 


will be prosperous ones, during which powey loads remain high, is 
remote. Past experience indicates that there will be depression 
years, during which peak loads tend to fall off, and with these 
lower loads ‘machine availability becomes ‘less important. In 
and therefore 


annual plant factor. 
is 113 mw per machine, or 452 mw for the plant. 
poorer availability would be unable to produce all of.the required 
generation and therefore some kilowatthours would be supplied 
by less efficient machines on the system. ‘The foregoing does not 
include a capacity charge. - With a 50 per cent capacity charge, * 
only one half of the generation: deficiency heed be transferred 
to the less efficient capacity. If a 100 per cent capacity charge 
is made, it may be assumed that all of the required kilowatthours 


reserves are high, 


depression years, capacity 
Because of this condi- 


capacity charges do not seem justified. 
tion, it is postulated that a partial charge should-be made against 
the plant designs which have poorer machine availability. 

In many cases reserve capacity might be bought from inter- 
connected systems during the.close maintenance years, thereby 
saving the charges during depression years. Then too, a com- 


pany interconnected to a svstem which generates hydropower will-be generated on high economy capacity. The charge against 


- plants with poorer availability will depend upon the heat rates 
of the machines to which the generation is transferred. 
In a new plant with centralized control features, 


might arrange the purchase of excess power during the summer. 
months, It is recognized, however, that reserve capacity or 


power purchase agreements are often on a short-term basis, and Labor Costs. 


modern coal-handling equipment, and large turbines and boilers, 
the number of men per megawatt of capacity is considerably less 
It was estimated that the 


NAME-PLATE CAPACITY ang 


may not cover the life of a plant. 


The contention that, capacity charges should be made only : haptic 
than found ip many existing plants. 


labor complement, including operating and maintenance per- 
sonnel, for plant A would be about 210 men. Plant C, with its 
unit system and crossover, has one less boiler to overhaul each 
year and therefore requires fewer maintenance personnel. 
It was assumed that more boiler-maintenance overtime or addi- 
tional maintenance personnel would be required in plants:B and 
D, as compared to plant C, as boiler outage means turbine 


when the amount of capacity involved is influential. in decid- 
ing when to install an additional.machine, should be considered. 
Actually, many factors are involved in establishing the amount 
of capacity which has sufficient effect on the system to warrant 
installation of a new machine, and hence to require a special 
capacity charge. Some of these factors are matters of policy, 
such as reserve allowance and equipment maintenance, while 
others pertain to conditions under which a company is operat- 
ing,  i.e., system ‘size, interconnections, machine sizes, load 
characteristics, ete. In one case the deficiency of 21,700 kw of 
capacity, which is the difference between that provided by 
plants A and B, could require the installation of new capacity, 
while in some other case the deficiency of this amount of capac- 


outage in plants B and D. 

Based upon the foregoing, the assumed labor costs, including 
wages and such items as social security, pensions, insurance, ete., 
for each plant are given in Table 4. 


TABLE 4 ASSUMED LABOR COSTS 


it iv 2 eXp? si ) ici “Co ° 
ity might not affect the expan ion | oli ies of the’ ec mpany 
Thus it is evident that conditions may require a full 100 per Designation « Description Maintenance Maintenance 
. cent capacity charge, whereas others require none at all. This echedule A. schedule B 
study therefore includes capacity-charge rates of 0, 50, and 100 B Unit system—no crossover 813000 843000 
Cc Unit system—crossover 802000 802000 
per cent. D . Unit system—reheat 813000 843000 


ANNUAL Over-ALL Costs 
Capacity Charges. Operating cost data Are presented for three 


different capacity charge rates, 0, 50, and 100 per cent. The 
method of computing these charges and a brief discussion of the 
reasons for including: them in an economic, analysis which in- 
volves equipment with different availabilities was presented 


In developing the annual costs for the plants, four basie cost 
These were (1) the fixed charges on the 
(3) labor costs, and (4) capacity 


items were considered. 
investment, (2) coal costs, 
charges. 

Fixed Charges. 
taxes, insurance, depreciation, and interest were computed at 10 


Annual fixed charges which include property earlier in the paper. 
Annual Operating-Cost Comparisons. 


Table 5 


annual operating-cost comparisons for the four plants under 


presents the’ 
per cent on the investments. 

Income taxes were not ineJuded as a fixed-charge item since 
they are associated with revenue rather than with investment. 
The economics of one plant design over another is not neces- 


consideration, assuming a 70 per cent annuai-plant factor and a 
coal cost of 25.8 cents per millian Btu. The apnual plant factor is 
the ratio of the kilowatthours generated on the machine in a year 
tothe product af the kilowatt name-plate rating 8760 hr. 
Total operating costs are shown for both-maintenance schedules. 
and the three selected capacity charge rates, 0, 50, and 100 per aa 


FABLE 5 COMPARISON OF NEW PLANT BOILER-TURBINE ARRANGEMENT 


sarily subject to income taxes as these savings might be con- 
sidered applied to rate reductions, for averaging out with less 
profitable phases of the business, or to offset increasing costs 
It would appear that income taxes should - . cent. In all eases the cost of operating the battery boiler system : 
that is, plant A, was found to be the highest and therefore this ar- 


without rate increases. 
be considered on completion of the analysis, so that the effect of 
No dedue- rangement was used as a-basis for comparison. The savings over 


such items as coal and labor costs can be included. 
the cost of operating plant A are shown for the other three plants ~ 


tions for income taxes have been applied in this study. 
Coal Costs. 

25.8 cents per million Btu, representing a coal having 11,890 , COMPARISON OF PLANT OPERATING Costs 

Btu per lb heating value and a long-range cost of $6.10 per ton The curves drawn in Figs. 1, 2, and 3 offer a means of comparing 

the plants from the standpoint. of total operating costs. Thess 


The basic coal cost assumed in this study was 


delivered. 
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Assumed maintenance Schedule A—5-week triannual turbine overhaul 
2-week annual boiler overhaul 
1'/2-week annual boiler inspection 


Using only single shift 


Fig. 1 ARRANGEMENT COMPARISON 
(Each arrangement has four 100-mw turbines and boiler capacity as shown in Table 1. Assumed coal cost 25.8 cehts per million Btu.) 


NO CAPACITY CHARGES 
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(o) 


Assumed maintenance Schedule B—2!/:"week triannual turbine overhaul 
Using double shift on overhauls’, 


Fic. 2. Borter-TuRBINE ARRANGEMENT COMPARISON— MAINTENANCE SCHEDULE B 
(Each arrangement has four 100-mw turbines and boiler capacity as shown in Table 1. - Assumed coal cost 25.8 cents per million Btu.) 
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50 PER CENT CAPACITY CHARGES 
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ANNUAL PLANT FACTOR-PER CENT 
(b) 


50 PER CENT CAPACITY CHARGES 


PLANT B-Un, 
System - 
EM-NO Crossover 


PLANT C-UNIT SYSTEM WITH CROSSOVER 


50 60 70 80 
_ ANNUAL PLANT FACTOR -PER CENT 
(b) 


NT_CAPAGITY 


| 


* PLANT C-UNIT SYSTEM WITH CROSSOVER 


| | 
[PLANT B-UNIT SYSTEM-NO CROSSOVER 


MAINTENANCE SCHEDULE A 


1-week anriual boiler overhaul 
l-week annual boiler inspection 


(c) 


100 PER: CENT CAPACITY CHARGES: 


PLANT B—UNIT SYSTEM-—NO CROSSOVER 


PLANT C~UNIT SYSTEM WITH CROSSOVER 
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curves show the effect of including capacity charges, of varying 
the annual plant factor, of shortening the maintenance time on 
boilers and turbine generators, and of varying the coal costs. In 
drawing these curves, the unit-system plants, with and without 
the crossover, and with reheat, are compared with the cost of op- 
erating a battery boiler plant. , 

For example, it might be concluded that the new plant would 
operate under the following conditions over its useful life: 


1 Maintenance schedule A. % 
2 Capacity charge, 50 per cent. ‘, 

3 Annual plant factor, 70 per cent. 
4 Coal cost, 25.8 cents per million Btu. 


Fig. i(6), which presents curves based upon these assumptions, 
shows that the operating costs for a reheat installation would be 
$135,000 less per year than the annual costs for a 1300-psi 950 F 
unit system with no reheat. Over a 35-year period, which might 
represent the minimum life of the equipment from an obsolescence 
standpoint, this saving would amount to $4,725,000. In compar- 
ing the costs of plants B and C, which should reflect the added 
vost of the crossover and larger boilers, it appears that the instal- 
lation of a unit system could not ‘necessarily be justified on the 
basis of economics alone, as the saving is only about $13,000 per 
year. The choice between these two designs might be decided on 
the basis of operating flexibility, or possibly the difference in the 
total investment. 

Effect of Capacity-Charge Variation. Including capacity 
charges in the comparison of two plant designs favors the plant 
with the highest availability. This relationship is clearly shown 
in Fig. 1 wherein plants B and C are compared for 0, 50, and 100 
per cent capacity-charge rates. When no capacity charges are 
assessed, plant B, unit system without crossover, has a significant 
advantage over the unit system with a crossover installation, 
plant C. The relative position of the curves for these two plants 
is reversed, however, when 100 per cent capacity charges are in- 


Fic. BorLer-TURBINE-ARRANGEMENT CoMPARISON; Errect or Coat Costs on RELATIVE 
PosiTIons OF ARRANGEMENTS UNDER CONSIDERATION 
(Assumptions: 50 per cent capacity charges; 70 per cent annual plant factor.) 


cluded. In Fig. 2, where maintenance schedule B is in effect, the 
- Savings curves for plants B and C tend to come together as capac- 
ity charges are included, but do not reverse positions. The vari- 
ation in the effect of including the capacity charges results from 
the difference in availability under the two maintenance sched- 
ules. 

The curves for plant B, for instance, tend to become horizontal 
arthe capacity-charge rate is increased, because the amount of 
generation transferred to low-economy equipment varies in- 
versely with capacity charges. 

Effect of Annual Plant-Factor Variation. As the annual plant 
factor for a comparatively low- availability installation, such as has 
been assumed in plants B and D, is increased, the amount of 
generation transferred to low-economy machines must be in- 
creased. This means that increasing the annual plant factor re- 
duces the savings for unit-system plants. In the case of the high- 
economy reheat plant, the loss of savings due to generation trans- 
fer is more than offset by fuel savings at high load factors. This 
accounts for the divergence of the curves for plants B and D in 
Figs. 1 and 2, 

The reheat machines would probably have higher annual plant 
factors than the 1300-psi 950 F machines in the other plants, 
since the lower heat-rate capacity would carry more of the off- 
peak loads. A credit which would reflect the added coal savings 
made possible by a higher-use-factor reheat plant could be com- 
puted and included in the coal-cost calculations. This factor is 
not included, however, since the amount involved is relatively 
small and is dependent upon the questionable accuracy of long- 
term load growth and daily load-curve assumptions. On the 
other hand, if reheat machines are operated over any considerable 
part of their life at loads below 75 per cent of their name-plate 

. rating, consideration should be given to possible reduction in ther- 
mal economy’at such loads. 

Effect of Changing the Maintenance Schedule. Reducing the 
number of days the boilers and turbines are out of service for gen- 
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eral maintenance, improves the savings rate of all unjt-system 
plants. This improvement is more pronounced in the case of 
plants B and D where equipment availability is low. The amount 
of time required for boiler overhauls and inspections has more ef- 
fect on the operating expenses of the unit-system plants than the 
time required for turbine maintenance. This conclusion is based 
upon an analysis of a third maintenance schedule which required 
double-shift boiler maintenance and single-shift turbine mainte- 
nance. Detailed calculations on this schedule have been omitted 
from this analysis to avoid complicating the presentation. 

The schedules for general maintenance of boilers and associ- 
ated auxiliaries are matters of individual preference resulting 
from operation of a variety of equipment. This is another of the - 
factors on which a single value acceptable to the industry cannot 
be specified. 

Effect of Coal-Cost Variation. A change in cost of coabhas a pros 
nounced effect on the savings made possible in a reheat plant. 
Fig. 3, drawn for a 70 per cent annnal plant factor and a 50 per 
cent capacity-charge rate, shows that the savings from a reheat 
plant increase sharply as the cost of coal increases. This increase 
occurs under both maintenance-schedule assumptions, The heat- 
rate savings in the reheat plant offset the loss of savings which is 
common to each of the unit-system plants. These small reduc- 
tions in savings which result in ‘a slight negative slope of the 

ie 
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curves for plants B and C are caused by the increased cost of gen- 
erating the kilowatthours transferred to low-economy ma- 
chines. 


CONCLUSIONS 


In so far as conclusions can be reached’on a partial study, it is 
evident that assignment of fixed charges where justified by mini- 
mum reserve capacity, may have a pronounced effect on the cost 
of operation of the four types of plants considered. Likewise, 
variation.in annual plant factor, single or double-shift’ mainte- 

nance, and increase in coal cost all have a significant influence on 

the annual operating cost. 

Figs. 1, 2, and 3 are based upon the substantial savings to be d 

realized by the unit system, the unit system with crossover, or the 

reheat installation as compared with the battery boiler system. 


It is believed that the trend toward the unit system can be ex- 


‘plained in part at least by this comparison. 


The reheat installation appears favorable economically in all 
cases, although if 100 per cent capacity charges are assigned, and 
annual plant factors of 60 per cent or lower are used, the savings 
in favor of reheat are considerably reduced. In this case, any ex- 
tra complexity in operation, possible reduction in coal cost, or 
long-time partial-load operation at less than -75 per gent name- 
plate rating, would militate against a reheat installation. 
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Selection of St 


By R, C. DANNETTEL! ‘ann G. 


In the summer of 1948, the Consolidated Gas Electric 
Light and Power Company of Baltimore ordered a 75,000- 
kw-capability, 3600-rpm, straight-condensing unit for in- 
stallation as No. 4 Unit in its Riverside Generating Station. 
This selection was made after consideration of units both 
‘for straight-condensing and reheat cycles and was based 
upon judgment that the nonreheat unit should be more 


economical in total dollar costs to the company during the © 


life of the unit. 


N THE summer of 1948, the Consolidated Gas Electric Light 
and Power Company of Baltimore ordered a 75,000-kw-ca- 
pability, 3600-rpm, straight-condensing unit for installation 

as No. 4 Unit in Its Riverside Generating Station. It is expected 
placed in operation in the fall of 1951. 
1050 F were se- 
lected after consideration was given to the following sizes of units 


that this machine will be 
Design throttle steam conditions of 1450 psig, 


and operating conditions: 


66,000-kw capability, 

75,000-kw capability, 
with reheat to 950 F 

75,000-kw capability, 1450 psig, 1000 oF, 
with reheat to 1000 F 

75,000-kw capability, 1450 psig, 1050 F 


850 psig, 900 F wr 
1250 psig, 950 F, 
“ve 


In the study leading to the final selection, the 850-psi unit was 
used as a measuring stick. The company has in operation four 
60,000-kw, 850 psi units which were ordered in the period from 
1939 to 1946, and which represented the economic selection for the 
coal market and equipment market of that period. When the 
first of this series of units was placed in service at Westport Sta- 
tion in 1941, the fueb cost per million Btu and construction costs 
were such that it was not economical to spend additional money 
for improvement in heat rate. By 1948, however, 
million Btu had practically doubled, and construction costs had 
increased sufficiently to warrant a careful reconsideration of the 


the cost per 


most economical steam conditions. 

As a unit with 75,000-kw maximum capability could be accom- 
modated by the system, the study centered around a “preferred 
standard” 60,000-kw unit with 66,000-kw capability for 850-psig 
yOO F steam conditions, and three alternative arrangements em- 
bodying 60,000-kw, nominally rated, 75,000-kw, maximum-capa- 
bility units both for straight-through conde NSING and reheat cy- 
cles. 


ConsTRUCTION-Cost ESTIMATES 


The first step involved the preparation of construction-cost es- 


timates. These were carefully made by bringing up to date the 


' Senior Engineer, Consolidated Gas Electric Light and Power 
Company of Baltimore. Mem. ASME. 
2 Assistant Electrical Engineer, Consolidated Gas Electric Light 


of Baltimore. Mem. ASME. 

Contributed by the Power Division and presented ‘at the Annual 
Meeting, New York, N. Y., November 27—December 2, 1949, of Tue 
AMERICAN Sociery oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of 
the Society. Paper No. 49—A-62. - 
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am Conditions tor No. 4 Unit— 
Riverside Gener ating Station 


S. HARRIS,? BALTIMORE, MD. 


actual costs of preceding units in the station and substituting cur- 
rent bids for those items affected by change in size and heat bal- 
ance. The result was somewhat surprising since it indicated a 
spread of less than 2 per cent in the cost per kilowatt of capability. 
The 1250-psig 950/950 F unit showed the lowest installation cost 
per kilowatt of capability with the 1450-psig, 1050 F, straight- 
condensing unit a very close second. The 1450-psig 1000/1000 
F design showed the highest installation cost. Fixed charges 
were of course in the same order. Computation of fixed charges 
. included consideration of return on the investment, depreciation, 
property taxes, and income taxes based upon three methods of 
financing the project, that is, by bonds, by stock, and from sur- 
plus. 
OPERATING Costs 


The next step was an investigation of operating costs. The heat 
rates showed a wide range with the 1450-psig 1000/1000 F design 
about 12'/; per cent better than the 850-psi unit. There were, 
however, a number of corollary problems to be disposed of before 
operating costs could be set down in terms of dollars per year. 

The question of operating labor proved to be easy to solve since 
it is not planned to augment the operating force at the station 
to take care of this unit, regardless of its size or steam condi- 
tions. 

Perhaps the most difficult problem in the determination of oper- 
ating costs was the selection of annual generation on which to 
base fuel costs. It was‘realized that load-duration curves would 
be of little value since, with units differing somewhat in capabil- 
ity, the load-duration curves would have corresponding differ- 
The matter was settled by arbitrarily using 6000 hr opera- 
tion at 66,000 kw for all units. 

The cost per ton of fuel is of course a variable and was handled 
by computing the annual fuel cost for each unit over a wide range 
of fuel prices. 

In order to combine all of these factors and find a parameter for 
1, was prepared with 


ences, 


comparison of the units, a curve sheet, Fig. 


® 
3 COSTS TO OWN AND OPERATE. 
| NO.4 UNIT RIVERSIDE 
3 
ond $27 
= 


6.50 ? 7.50 8 & 
COAL OOST IN DOLLARS PER TON 


od 


Fic. 1 Costs To Own Operate No. 4 Unrr Riversipe 
plotted as ordinates and with the 


cost of coal in dollars per ton as abscissas. 


the cost to and operate’’ 
The cost to own and 
operate was, for the purpose of this study, considered to be the 
sum of fixed charges and fuel costs. Because of the annual genera- 
tion selected, the fixed charges for the 75,000-kw units were re- 
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duced proportionately to 66,000 kw for comparison purposes. 
The coal cost in dollars per ton can be interpreted as the cost of 
coal delivered to the bunker The cost of coal at the time the 
study was made amounted to about $8.50 per ton. It was found 


that with the cost to own and operate approximately $3,000,000, 


per year, there was a spread of about $180,000 or about 6 per cent, 
Fig. 2. The highest cost was for the 850-psig 900 F unit; the 


COMPARATIVE COSTS AND HEAT RATES 
NO 4 UNIT RIVERSIDE 
A-66.000 kw, 850 PSIG. 900F - DATUM 
8- 75,000 KW, 1250 PSIG. 950/950F 
C- 75,000 KW, 1450 PSIG, 1000/1000F 


D- 75,000 KW. 1450 PSIG, IOSOF 


TE 
NET SENDOUT BASIS 


CAPABILIT Y 


WN ano “OPERATE 


Fic.2 Comparative ( ‘osTs AND Heat Rates No. 4 Unit RIVERSIDE 
lowest cost was for the 75,000-kw, 1450-psig 1000/1000 F unit. 
The annual cost to own and operate the 75,000-kw, 1450-psig, 
1050 F straight-condensing unit was computed to be about 
$24,000 above that of the 1000 F reheat unit. 


The difference in cost to own and operate was considered to be 


within the limits of accuracy of estimating and led to the opinion , 


that the 1450-psig 1050 F, straight-condensing unit, and the 1450- 
psig 1000/1000 F unit could be considered on the same basis 
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in so far as total expense for fuel and fixed gharges was concerned. 
The final selection then rested on judgment as to availability, re- 
liability, and maintenance. 


AND MAINTENANCE 


AVAILABILITY, RELIABILITY, 


The control gear for a reheat unit is’sufficiently complicated to 
lessen reliability somewhat; the unit could not so readily adapt 
itself to the sudden changes in load which may be expected with 
system disturbances; and theunit could not be used to regulate 
frequency on the system. The multiplicity of piping and controls 
to and from the reheat turbine might well add to station mainte- 
nance. Two superheaters and superheat controls would be 

‘needed. For the Riverside unit, where the selection of the boiler 
was influenced by the obvious savings in engineering costs made 
possible by duplicating the furnace and mill arrangement of other 
units ‘in the station, one of these controls would be a spray desu- 
perheater which has undesirable features. The gains from reheat 
are doubtful during the light-load operation which can be ex- 
pected as the unit ages. Steam and fuel would be wasted at times 
to protect the reheater from overheating. 

The nonreheat unit has a single superheater and control and a 
minimum of high-temperature piping and valves. The use of 1050 
F presents no serious metallurgical problems. This plant should 
require less maintenance than a reheat unit and should therefore 
be less expensive to operate., 

In comparison with reheat units, the 1450-psig, 1050 F-straighit- 
condensing unit should be simpler to install and operate; with 
less controls should be more reliable and ‘available; should be 
more adaptable during system disturbances and for frequency re- 
gulation; and, considering mAintenance and probable Jight-load 
operation, should be more economical in total dollar costs to the 
company during the life of the unit. 
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A ee of Costs of Reheat Versus 


~Nonreheat for 100-Mw Units 


By R. P. 


{ This paper analyzes the differences in cost of the various 

elements of a steam-electric power plant, as affected by 
choice of the reheat or nonreheat cycle applied to units of 
about 100,000-kw capability. 


NY economic study, the object of which is to ascertain 
A whether or not the use of the reheat cycle in a proposed 
steam-power-plant development is justified, necessarily 
must start with differences in capital investment. These then can 
be compared to the improvement in plant efficiency to be ex- 
"pected from the use of reheat. 
_ The author does not attempt, in this study, to cover all possible 
combinations of size of unit, plant arrangement, pressures, tem- 
peratures, and the like. The data contained herein, while pre- 
sented in as general a form as possible, are based upon units of 
100-mw capability in a single boiler- single turbine arrangement 
with throttle steam at 1450 psig, superheated and reheated to 
ee F. The reheat turbines are reverse-flow, double-flow, single- 
shaft, tandem-compound units for 3600 rpm, with bleeding for 
regenerative heating. They are compared to nonreheat units of 
similar arrangement, except that the steam .passes straight 
through from throttle to condenser. The fuel is- pulverized 
bituminous coal. Mechanical dust collectors are used. 


Cost ELEMENTs oF Renpat 


The use of reheat affects the original cost of various parts of a 
_ steam-electric power plant in different ways. If it is assumed that 
the capability of the plant is to be the same whether the cycle is 
reheat or nonreheat, then the boiler plant and parts pertaining to 
it, excepting the boiler itself, would cost less. This is a direct re- 
Certain other parts would 
cost even less than is indigated by the improvement in cycle 
efficiency. These are the parts carrying the cycle fluid, such as the 
feedwater system and the condensing system. The generator and 
the main bus and switch structure are unaffected by the choice of 
cycle. Finally, there are parts that cost more. Table 1 divides 
the main items of a plant into these four categories. 
Opinions will differ as to the category in which some of the 
items should be placed. Certainly all of the items in any one of 
_ the groups will not follow exactly the same formula in figuring 
differences in the cost of equipment for the two cycles. A few 
examples will serve to illustrate. 


1 Most pieces of equipment are built in standard sizes. Re- 
ducing the fuel requirements by adopting reheat may or may not 
permit the use of a smaller-size pulverizer, for instance. If it 
does, the step in cost may be greater than the step in required 
capacity. It is believed that plus and minus errors of this nature 
will essentially balance each other. 

2 If the plant or unit under consideration is an extension of 


1 Mechanical Engineer, Buffalo Niagara Electric Corporation. 
Mem. ASME. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., November 27—December 2, 1949, of THe 
AMERICAN Society oF MeEcHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be under- 
stood as individual expressions of their authors and not those of the 
Society. Paper No. 49—A-99. 
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existing facilities, there may be a number of items which, though 
they otherwise might be reduced in cost, must be extended as 
previously installed, without having advantage of savings possible 
in a new project. 

3 Table 1 shows the condenser in the category, the size of 
which varies approximately with the heat rejection. However, 
the flow of steam through the last wheels of a reheat turbine is so 
much less than that through the corresponding nonreheat ma- 
chine (if the same-size wheels are used) that the reheat turbine 
possibly can make better use of improved vacua and thereby 
justify a larger condenser than indicated by the flow. This, how- 
ever, would seem to be a subject for a separate study involving, in 
addition, triple versus double flow. 


TABLE 1 PLANT COMPONENTS FOR COST ESTIMATING 


I Parts of a-plant which vary in size generally inversely with cycle 
efficiency 


Dust collectors 

Ash disposal 

Boilerhouse structure 
Auxiliary electrical equipment 


Coal storage 

Coal handling 
Fuel-burning equipment 
Fans and ducts 


Parts of a plant which vary more in size than efficiency would indicate: 


(A) Generally directly with the flow of cycle fluid: , + 
High-pressure steam pipe 7 
Condensate and boiler feed pumps 
Condensate and feedwater piping 
Bleeder heaters and piping 


(B) Generally directly with heat rejection to condenser: 


Condenser 

Circulating water pumps 
Intake and discharge flumes 
Screening equipment 


Parts of a plant which are affected little, if any, by cycle efficiency: 

Electrical structures 

Evaporators 

Feedwater treatment 

Offices, locker rooms, shops, 
and administration space 


Land and improvements 
Generator and main trans- 
former and connections 
Metering and controls 
Turbine hall 
Parts of a plant which cost more for reheat than for nonreheat, capa- 
bility of unit remaining the same: 


Turbine 
Boiler 
Reheat piping 
ty 
GAIN IN Economy oF REHEAT 


* Messrs. E. E. Harris and A. O. White? have shown that, for re- 
heat pressures below 500 psia, the per cent gain in economy of 
reheat over nonreheat is 5 or better. Their figure? can be used for 
the purposes of this paper. The reduction of cycle fluid flow at 
full capacity is 16.4 per cent and of the heat rejection to the con- 
denser 8.7 per cent, all other conditions, except for reheat remain- 
ing the same. 

An examination of cost data on plants of the size described, both 
under construction and recently completed, reveals that at the 
present time the cost of those items listed in category I, Table 1, 
totals about $22.50 per kw of capability. For category II(A), 
Table 1, the total cost is $8, and for II(B) $7.50 per kw of capa- 
bility. These figures apply to nonreheat units. The cost of items 
in category III have no effect upon this discussion. For category 


2“Development in Resuperheating in Steam Power Plants,”’ by 
E. E. Harris and A. O. White, Trans. ASME, vol. 71, 1949, pp. 
685-691, Fig. 11. 
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; IV, the difference in cost between reheat and nonreheat units is 
approximately $3.88 per kw of capability. 

The cost of power-plant equipment does not vary directly av its 
size, generally speaking. A machine having 10 per cent greater 
capacity than another does not cost 10 per cent more. Experience 
shows that a factor of about 0.7 applied to the difference in capac- 
ity will express the difference in cost. In other words, the 
machine having the 10 per cent greater capacity should cost 
approximately 1.07 times as much. This factor varies from 0.65 
to 0.75, but experience indicates that 0.7 is a good figure for 
estimating purposes, Authority for it is not readily found outside 


. 


substantiates the figure. : 


Applying these data to the difference in cost between reheat 
and nonreheat the ledger stands as follows: 
Credits: 
For tems in category I (Table 1) 7 


22.50 X 0.05 X 0.7 = $0.79 per kw 


“Planning New Capacity,”’ by Alfred Iddles, Electrical World, yo!: 
105, 1935, pp. 983-986. 
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‘Debits: 


of price books and quotations, but an article by Alfred Iddles* 


JULY, 1950 


For items in category II(.4) 


8.00 X 0.164 XK 0.7 = 0.92 

For items in category II(B) 
7.40 X 0.087 K 0.7 = 0.45 . 

Total credits for reheat. . $2.16 per kw 


For items in category IV $3.88 ° 


Total charges for reheat $3.88. 


$1.72 per kw 


Net charge for reheat. 


These figures apply only to new locations where presumably all 
possible savings can be made. ‘ 
With coal costing $7.50 per ton of 2000 Ib, and a coal rate of 0.8 1 
lb per kwhr and 5000 hr per year use (57 percent capacity factor), 
the saving per year using reheat instead of nonreheat would be 
$0.75 per kw per year. After allowing 10 per cent for interest, in- 
surance, and taxes, there remains $0.58 which would write off the 
additional cost in 3 years. - Even if coal cost only one half. as 
much, the writeoff can be accomplished in 8 years if the capacity 
factor averages 57 per cent. No allowance is made tor additional 
operation or maintenance as the author feels that none will bé re- 
quired, 
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General Discussion of Reheat Paper: 


Louis Exuiorr.! Noting the decisions reached as to reheat 
versus regenerative cycle, in designing steam plants, and without 
knowing detailed conditions and special methods of reasoning, it 
sometimes appears that one engineer wants reheat and recom- 
mends it, for a relatively small turbine and moderate fuel costs, 
and contin does not like reheat and rejects it, although the tur- 
bine in question is a large unit and fuel costs are relatively high. 
However, in most or all cases, a careful study ‘is given to the 
economics of the cycle to be selected, as is evidenced by the three 
papers on this 

Considering that the use of reheat is one of the most important 
aside from utiliza- 
tion of higher steam temperatures, the decision as to eycle is an 


methods of improving steam-plant efficiency, 
important one, and warrants the closest attention. It is neces- 
sary, 
completeness the character of major equipment that would be 
used for the regenerative- or reheat-cycle plant, and obtain close 
These estimates should of course include all 
elements in which there is a significant difference in investment. 
Similarly, careful study must be given to relative effitiencies, 
again taking into consideration all elements showing significant 
differences, and making sure that for each cycle the plant design 
and operation are quite thoroughly worked out. 

It happens that no recommendation to a client, in which this 
discusser has been involved, has specified a reheat, installation. It 
may be that this results from the fact that most of the turbine 
and that fuel 
costs on clients’ properties have frequently been much lower than 
those prevailing in the North and East. 
plant cycle have been made for a large number-of turbines of the 
which have indeed been 
bought for clients in larger numbers than any other one size. 

Ordinarily, 


in arriving at a rational conclusion, to determine with some 


estimates of cost. 


units have been in the moderate or ‘smaller sizes, 
Recommendations as to 
magnitude of 60 mw nominal rating 


the estimated saving in production costs, effected 


, by the use of reheat, is expressed as a percentage of incremental 


investment for the reheat design. To justify reheat, percentage 
return on increase in investment should be somewhat higher than 
the normal assigned for charges on cost of station as a whole. In 
the first place, depreciation of a boiler plant is higher than the 
average on the entire station. In addition, a reheat plant in- 
volves greater complication, perhaps slightly greater expense 
for operation and maintenance, and possibly some little penalty 
in reliability. 

” With respect to magnitude of fixed charges, the papers under 
discussion show a wide range in allowances made—from 10 to 15 
per cent—for all elements of fixed charges and taxes applying to 
power-station investment. It is now general practice to include; 
as an element of fixed charges and taxes, an allowance for federal 
income tax, and state income tax, if ‘any, which must be earned 
before net return. Federal income tax may frequently be figured, 
conveniently, as a percentage of investment. It is usually neces- 
sary to obtain from management estimates or information on the 
following: Cost of money, or desired return; average proportion 

' Consulting Mechanical Engineer, Ebasco Services Incorporated, 
New York, N.Y. Mem. ASME. 

* “Some Factors Influencing the Economics of Reheat Installa- 
tions,”” by R. W. Hartwell, and H. A. Wagner, published i in this issue 
Transactions, pp. 549-556. 

“Selection of Steam Conditions for No. 4 U nit, Riverside Generat- 
pe Station,’”’ by R. C. Dannettel, and G. 8. Harris, published in this 
issue of the Transactions, pp. 557-558. 

«A: Comparison of Costs of Reheat Versus Nonreheat for 100- 
Mw Units,"’ by R. P. Moore, published in this issue of the Trans- 
actions, pp. 559 560. 


“or amortization: 


of total capital that will be borrowed; 
paid on borrowed capital; 


average interest rate to be 
method of accounting for depreciation 
life of plant or period of amortization to be as- 
sumed ; ad valorem or other local taxes. Some of these data can be 
obtained from annual financial reports, but as the percentages re- 
quired are those that may obtain through life of prope rty or 
With such 
basie values established, an equivalent constant percentage may 
be taken from annuity tables, covering cost of mone y plus al- 
lowance for de *preciation or amortization. 

The general subject of station design as affecting magnitude of 
reserve or system reliability, together with the economics of re- 


period of amortization, a new approach is desirable. 


heat, were discussed in the Wagner-Hartwell paper.?_ Engineers 
should appreciate the careful analysis of the influence of plant de- 
sign on system reserves and reliability. The mathematical proc- 
ess, based upon a mass of outage data and the long and consistent 
history of operation in large cities, certainly give interesting re- 
sults, developing the effect of such elements as cross-connection of 
steam generators and provision of reserve boiler capacity in a 
large installation. 

However, the writer is inclined to feel that, for the usual power 
system, the long-time influence of differences in design on magni- 
tude of reserves required may be exaggerated. Indeed, it appears 
that in a good many cases undue stress is laid upon the highest re- 
liability of utility plants, and that continuity of service is “over- 
sold.” While New York and other great cities doubtless do call 
for special treatment, for the smaller cities and for interconnected 
systems covering large territories, it appears that adherence to a 
mathematical standard for reliability may be unwarranted. 

Almost all the recommendations for plant design in which the 
writer has been involved have called for one steam generator per 
turbine generator, with no interconnection between boilers: this 
has applied to units up to 100 mw in size. There are tangible and 
intangible values in simplicity, and, aside from s: iving in invest - 
ment cost, there is an element of ruggedness and reliability in the 
avoidance of steam and water interconnections 


G. A. We have given a great deal of study to the Hart 
well-Wagner paper? and have found that study very well worth 
while. The writer, with others, has set up a method of evaluat- 
ing power-plant equipment that is very complete and has many 
unique features. 
vantageously by all of us, but we must keep in mind that there 
are many conditions peculiar to each system, Care must be 
taken to evaluate these conditions properly. 

The authors state that better thermal economy of the reheat 
installation is reflected in smaller boilers, ete. The | 
smaller when rated in pounds of steam per hour. 


We believe that this method can be used ad- 


oilers are 
The boilers 
We have 
found that the size of the reheat boiler is almost the same as the 
size of a nonreheat boiler for the same pressure and temperature, 
other conditions being equal. Since the heat input to the reheat 
boiler is about 5 per cent less than the heat input to the non- 
reheat boiler, the firing equipment can be slightly smaller, the 
furnace can be 5 per cent smaller, but the superheater and re- 
heater require much more space than the superheater on a non- 
reheat boiler, 
perience shows that the cost of a réheat boiler is about 5 per cent 
more than the cost of a nonreheat boiler. This was brought out 


are about 5 per cent smaller when rated by heat input. 


With all other design factors being equal, our ex- 


§ Project Manager, The Babcock & Wilcox Company, New York, 
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previously by Messrs. Rowand, Raynor, and Gilg. We believe it 
is very important when comparing reheat to nonreheat boilers to 
keep all other design factors the same. 

Boilers are being bought today for comfortable operation with a 
minimum of Man power. It appears that for schemes “‘A’’ and 
“C”’ of the paper consideration should be given to the possibility of 
using the short-timé overload capacity of the boilers when one 
boiler is out of service. The use of this overload capacity might 
mean that more man power would be required to keep the heating 
surfaces clean but it might be worth while. 

The 12 per cent difference between the summer and winter 
peak loads is an interesting bit of data and certainly makes it 
evident that more spare capacity on the system. will be required 
now than in the past. This condition of course would be most 
troublesome to those systems that use old and inefficient generat- 
ing equipment as stand-by for the modern equipment. We be- 
lieve it will be necessary for the engineers making a study similar 
to this on any specific system to estimate the cost of power 
generated by the old equipment. On many systems the ‘‘capac- 
ity-charge’’ method of calculation would result in error because of 


the very high cost of stand-by power. It also can be true when’ 


power is purchased. We have observed that depending upon 
purchased power can be very dangerous because when one power 
system is operating at high load the’ power systems from which 
power can be purchased are also operating at high load and may 
not have any surplus available. i 

One feature of the battery boiler system is disturbing to us, that 
is, the thermal stresses set up in the main steam header whenever 
a boiler is cut into service. We can visualize 650 F steam being 
turned into a header, the temperature of which is between 950 F 
and 1050 F. We would like to suggest that the designers provide 
some protection against such thermal shocks. . 

This paper? brings out very forcibly the fact that rating boilers 
in thousands of pounds of steam per hour is no longer satisfactory. 
Not many years ago the practice of rating a boiler in ‘“‘horse- 
power” was satisfactory until increased pressures and steam tem- 
peratures. made this method inadequate and caused us to go to 
rating boilers in thousands of pounds of steam per hour. The 
popularity of reheat cycles with high pressures and temperatures 
has now made it necessary for us to start using another yardstick. 
We should begin to think of “heat input,’ “heat output,’ or 
“megawatts” when thinking of the capacities of modern boilers. 


E. E: Harris.?’ R. P. Moore's paper‘ states, ‘“‘This paper ana- . 


lyzes the differences in cost of the various elements of a steam- 
electric power plant, as affected by choice of the reheat or non- 
reheat cyele applied to units of about 100,000-kw capability.” 

It appears that the author’s approach is a more logical method 
for determining the costs between a reheat and a nonreheat sta- 
tion. He attempts to evaluate only the differences between two 
such plants. : ; 

In his Table 1 various parts of a power station have been 
placed in different classifications, depending upon how the cost 
of these parts varies. Some equipment changes cost due to a 
change in heat consumption, while other equipment changes cost 
due to achange in liquid flow. Other parts do not change cost by 
changing heat consumption or cycle flow. There is an increase 
in cost for the turbine and boiler, with an additional charge for 
reheat piping. : 

In Table 1, Section II-A, Bleeder Heaters and Piping, it would 
be inferred that the cost of these would be reduced directly with 
the flow of the cycle fluid. The heater and the extraction piping 


¢ ‘High-Pressure Boilers With Reheaters,"’ by W. H. Rowand, A. 
E. Raynor, and F. X. Gilg, Trans. ASME, vol. 71, 1949, pp. 719- 
727 
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next below the reheat point may increase in cost due to higher- 
temperature steam to this heater than would be obtained for a 


- nonreheat unit. This additional cost may be of smal] magnitude. 


Table I, Item I1]—Metering and Controls—probably would 
cost more for the reheat installation. The turbine hall, depend- 
ing upon the arrangement, may cost more due to the increase in 
length of a reheat machine over a nonreheat unit. Evaporators 
may cost less, as well as the feedwater-treatment apparatus. If 
these items in Section III balance out to zero differential in cost, 
then they do not enter into a cost difference between reheat and 
nonreheat. 

The paper states, ‘‘Net charge for reheat $1.72 per kilowatt.”’ 
This addition is based upon costs assigned to the various items in 
Table 1. If they represent average costs, then $1.72 per kilo- 
watt corresponds to between 1 and 2 per cent additional cost for a 
reheat station over a nonreheat station. Such an increase in cost 
for the reheat station compared with the gain in economy obtained 
by reheating makes reheating appear very favorable. 


E. H. Kriec.* At the 1948 Annual Meeting of the Society, an 
outstanding group of papers was presented which discussed the 
engineering aspects of the reheat cycle quite completely, with the. 
exception of its economic aspects. Desiring to present. a few 
thoughts on the economics of reheat from the stockholders’ or 
management’s viewpoint while interest was still warm, and to sup- 
plement the data given in “Comparative Costs of Resuperheating 
Installations,”® Mr. Stanley Stokes and the writer prepared @ 
paper, “Union Electric Finds Attractive Return in: Reheat.” 
Some of the points therein bear reiteration when discussing the 
present papers.*3;* Engineers will welcome these good papers 
on economics, for no engineering study can be complete without 
justification of the proposed investment. 

We agree with the conclusion reached in R. P. Moore’s paper,‘ 
that, although a plant designed for the reheat cycle costs more, 
its adoption is justified in many cases. This discussion is in- 
tended to amplify that conclusion. 

The Hartwell-Wagner paper? mentions the often forgotten con- 
cept. that to justify interconnected boilers, extra capacity is re- 
quired either in the form of an extra boiler or larger boilers. 


The hours per year when the interconnection would be used may . 
prove to be too small to justify the interconnection otherwise. . 


The paper? does not mention that availability of battery boilers 
is sometimes adversely affected by the sectionalizing valve (or its 
by-pass) in the interconnecting steam and water lines. When a 
boiler or turbine is down and-steam or water leaks into it from the 
adjacent active unit, a total of two: units must come off. ‘The 
writer wonders if Mr. Steinberg assumed" that valves always re- 
main tight and never need maintenance, with consequent outage 
of two boilers instead of one, or possibly two turbines instead of 
one. The question is: Won’t the valves in the several intercon- 
nections cause almost as many lost kilowatthours over 30 years as 
they will save? We have many data on turbine availability, but 
little on the effect of valve tightness on availability other than the 
recollection of operators of specific cases. There is a need for 
some factual data on such cases. ‘ 

Messrs. Dannettel and Harris’ state: ‘‘When the first of these 
series of units was placed in service at Westport Station in 1941, 
the fuel cost per million Btu and construction costs were such that 
it’ was not economical to spend additional money for improve- 


§ Consulting Engineer, Stone & Webster Engineering Corpora- 
tion, Boston, Mass. Fellow ASME. 

® Electrical World, vol. 132, Sept. 10, 1949, pp. 87-91. * 

10 Electrical World, vol. 132, Dec. 17, 1949, pp. 93-96. 

11 “Relation of Thermal Plant Design to Reserve Capacity,” by M. 
J. Steinberg, Electrical Engineering, vol. 69, January, 1950, pp. 64-67. 
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ment in heat rate. By 1948, however, the cost per million Btu 
had practically doubled, and construction costs had increased 
sufficiently to warrant a careful reconsideration of the most eco- 
nomical steam conditions.” It is admittedly difficult to do.so, 
but power-station design should not be concerned with present 
fuel costs but with the cost of fuel 16 years from now, that is, the 
average of the 3 to 33-year period hence. 

Metallurgically, there are such meager long-term data on the 
charagteristics of certain steels at 1050 F and over that some 

speculation attends their use at the present time. The incre- 
mental dollar savings do not always appear to balance the in- 
cremental headaches. 

In the paper by Messrs. Dannettel and Harris,* could not a 
more direct comparison between reheat and nonreheat costs be 
made for approximately the same thermal] performance, e.g., 1450 
psi, 1050 F compared with 1250 psi, 950 F/950 F reheat? The 
paper admirably presents the small cost difference between re- 
heat and nonreheat: “The result was somewhat surprising indi- 
cating a spread of less than 2 per cent in the cost per kilowatt of 
capability.” 

Availability might be better served with 950 F reheat cycle 
than for a 1050 F straight-through cycle, because in one study it 
was noted that the former enjoyed a lower furnace-gas exit tem- 
perature which should give less slagging. This is especially im- 
portant with strip coal. , 

It is regretted that the effect of system interconnections seems 
to be omitted from many studies. Load factor of a unit is a 
function of how that unit serves an integrated group of systems 
on which there are usually some low-efficiency units for taking 
low load factors, giving new units better load factors. When 
engineers expect the load factor of a new unit to decrease in the 
future, that decrease will not take place unless more efficient units 

‘are installed. 

Reviewing the issues developed thus far, the enigma of reheat 
is not the mere estimation of investment costs nor return on the 
investment. Rather, much of the problem or the enigma ap- 
pears to be one of “futures” in coal and labor. The present price 
of coal has no bearing on the problem because the proposed plant 
does not begin to burn coal until some 3 years after the decision 
has been made to build the plant. Then, if the amortization pe- 
riod is 30 years, the coal price between 3 and 33 years from now is 
all that is significant—similarly for labor costs. What fuel will 
cost in the future has a greater effect on the choice of cycle than 
whether one cycle is 5 per cent more efficient than another. It 
seems too bad that, relatively, so little attention-is focused on 
actual past and probable future fuel costs in journals devoted to 
power plants. Perhaps some enterprising power-industry publi- 
cation will favor us with regular fuel-cost forecasts needed by 
power-plant engineers. A great deal of attention, perhaps too 
much, is given to calculating the difference a few Btu may make, 
using existing costs without proportionate attention being given 
to what future fuel costs may be. 

Even this is not the whole story, for the effect of a higher coal 
price during the early years is of far greater significance than dur- 
ing its later years. During the first 5 years the load factor of the 
plant will certainly be high, and a high fuel cost then will produce 
a large return. But during the 25 to 30-year-old period when a 
low load factor may wel? be the case, a low fuel cost means little, 
for the earnings made during “boyhood”’ will support. its “old 
age.’ If-an inefficient plant is built today, its future fate inevi- 
tably will be low load factor; interconnection contracts will take 
care of that. _The better the performance that is designed into 
today’s plant, the less will it be backed off by future plants 

No two people can agree on what coal prices will be during the 
next 33 years, and it is anybody’s right to estimate or speculate 
on what they will be. At the risk, or rather with the certain 
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knowledge that others will disagree, this slant on future coal 
prices may have some guidepost value. 


W. F. Ryan.'? No matter which set of assumptions is used, the 
Messrs. Hartwell and Wagner? find an annual sav ing of about 
$130,000 for a unit system with reheat (Plan D) compared with a 
nonreheat unit system (Plan B). The maximum differential is 
$137,000 and the minimum $126,000 per year. This is the net re- 
turn, before income taxes, on an increment investment of $1,861,- 
000. 

A factor which should not be overlooked is that, assuming regu- 
lated and limited net profits for the utility, the $130,000 more or 
Jess reduction in annual production expense represents an ultimate 
saving to the customer on his energy charge, while the $1,861,000 
added investment represents an increase in his demand charge. 

Some of us can remember the “great depression” when power 
customers whose markets had evaporated, and whose gross in- 
come had shrunk in proportion to sales, refused to understand 
why the power company demanded so much money for such 
smal] amounts of energy. Those of us who remember those days 
might hesitate to accept this return on what is ultimately ait in- 
crease in demand charge. We remember that when a customer is 
using a lot of energy, he is prosperous and can pay for it. When 
he is not using much energy, he is hard up, and complains bitterly 
about paying for his previously established demand. 

The savings which accrue from the use of a unit system are as- 
signable to the demand factor, exclusively. Therefore it is not 
only a substantial saving, but it is a saving in the right place. 
We are indebted to the authors for so clear a demonstration of the 
advantage of unit installation. 

Under other conditions the case for reheat may be more con- 
vincing. For example, in dealing with larger units, the lowest 
cost undoubtedly will be obtained by installing the greatest capac- 
ity economically feasible on a single-shaft 3600-rpm machine. 
In this case capacity may be increased several thousand kilowatts 
by the use of reheat, effecting a substantial saving comparable to 
that shown in this paper? in production expense, and also in the 
unit capital cost of the plant. 


SaBin Crocker.’ The authors are to be congratulated on 
contributing an excellent paper on a timely subject that warrants 
careful analysis. They have done well in offering an objective 
presentation of data concerning the relative availability of boiler- 
turbine units installed with and without crossovers. The paper 
affords a variety of factual data from which the reader can select 
the set that best suits his own conception of availability and 
what share of capital charges should be assessed against any loss 
thereof. 

One of the important facts brought out by the paper is the 
reduction in outage time obtained by using two-shift main- 
tenance instead of one shift. For the straight unit system with- 
out crossovers, this represents a gain in availability of 3.8 per 
cent as shown in Table 1. This gain in availability can be ob- 
tained at little expense for premium pay since only the controlling 
jobs of longest duration need to go on double shift; other jobs 
‘an be finished in time on one shift with a normal crew or by 
putting extra men on the one shift where more can work to ad- 
vantage simultaneously. 

With two-shift maintenance the authors show the difference 
in availability of the unit system with and without crossovers 
to be less than 2 per cent which agrees with the ex- 
perience of oper: iting companies that have had unit systems in 


something 


12 Engineering Manager, Stone & Webster Engineering Corpora- 
tion, Boston, Mass. Fellow ASME. 

13 Mechanical Engineer, Ebasco Services Incorporated, New York, 
N. Y. Mem. ASME. 
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use for some -time. In fact, 
companies contend that there is less outage without crossovers 
than with because the extra valves and other items associated 
with the crossovers and with operating the boilers in battery 


the engineers of some operating 


constitute an added sourée of outage. In any event the opera- 
tion of a boiler and turbine on the straight unit system without 
crossovers permits omitting the nonreturn valve as well as two 
or more gate valves per unit. This results in a considerable 
reduction in pressure-drop losses and perhaps an ensuing saving 
in boiler cost together with the saving in cost of the valves and 
piping omitted. Furthermore the straight unit system permits 
a simplification of steam and feedwater controls and metering 
which both facilitates operation and reduces cost. Inasmuch 
as the authors have shown a difference in investment of $5.10 
per kw changeable to the crossovers plus some extra boiler 
the writer concludes that they have made due allow- 
Never- 


capacity, 
ance for differences in‘ piping, controls, and metering. 
theless, more details concerning estimated differences in invest- 
ment would be.helpful. 

Granting for the purposes of-discussion that the authors were 
right in assigning about 2 per cent in round figures less availa- 
bility without the crossovers (see Table 1 for 96.0-94.2 = 
1.8 per cent), the writer would like to apply this figure in trying 
to analyze what it means as applied to an actual system. _As- 
suming an existing name-plate rating of 1,700,000 kw for units 
installed on the electrical system, the addition of 400,000°kw 
would bring the installed capacity up to 2,100,000 kw. The 
last 400,000 kw, by assumption, would have an availability 2 per 
cent less without crossovers than if such had been provided. 
Thus for an addition of 400,000 kw, the loss of availability 
would be diluted to the following extent: ; 


400,000 * 2 
2,100,000 


2 per cent 
= 0.38 per cent 


A loss in availability of less than 0.4 per cent when spread 
over the system as a whole seems within the capability of exist- 
ing reserves to carry without installing more capacity on this 
account. Continuing the reasoning on this basis, it would be 
perhaps 15 to-20 years before the further dilution of availability 
due to adding successive units without crossovers could approach 
1 per cent loss in availability for the electrical system as a whole. 
This still remains a small figure with respect to other uncer- 
tuinties to be considered in determining what constitutes reasona- 
ble reserve. 

Theoretically, on an electrical system having aggregate name- 
plate ratings of 2,100,000 kw, a difference, 0.4 per cent represents 
only 8400 kw which is a relatively small amount to obtain by 
way of assistance over an interconnection or, in a pinch, by tem- 
porarily reducing voltage or dropping nonessential load. From 
a practical operating standpoint, a loss in availability of this 
order is apt to mean that one of the new large boiler-turbine 
units without crossovers would be off the system at some remote 
‘time when full reserve for backing it up is not available. 
system having units of various sizes it is to be expected that a 
smaller unit would be in reserve for this contingency which, plus 
about 8000 kw aid ‘from a tie line, or as otherwise noted above, 
would tide things over. . 


HARTWELL AND H. A. WAGNER : 

The authors believe that Mr. Elliott is quite right in his state- 
ment that the reliability standards indicated in the paper may 
not be applicable to small power systems where continuity of 
service and other factors may differ materially from those con- 
Such variables make it im- 


CLosure By R. W. 


sidered suitable for large systems. 


practical to apply the results of our analysis directly to another 


power system. 
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Mr. Taylor has raised an interesting point with reference to 
rating of boilers in terms of heat input or output rather than 
steam output. He is, of course, correct. . To many engineers, 
however, the capacity of a boiler in terms of steam output con-— 
veys a better appreciation of size, even though not strictly ac- 
curate, than heat input or output in million Btu. The authors | 


. agree, however, that we should begin to think in terms of heat — 


rather than pounds of steam. 

Mr. Krieg’s discussion concerning the cost of coal over the life 
of the equipment is certainly pertinent. In stating, however,- 
that the fuel cost over the first five years of a plant is the more 
important, some of the uncertainty of speculating on long-time 
coal costs is removed. Whereas the fuel purchaser will be ex- 
tremely hesitant about predicting the cost of coal for a 30 to 
40-year period, he probably would not be too hesitant in giving 
a figure forthe next five years. The authors feel sure that Mr. 
Krieg would agree that the inability to predict the long-time coal 
cost should not be considered a reason to stop the quest for more 
efficient power plants. 

Mr. Ryan makes a very good point that the amounts of money 
involved in the séveral schemes differ greatly. It is entirely 
possible that a somewhat less efficient plant might prove a much 
better choice depending on future business and load conditions. 

Mr. Crocker correctly points out that small differences in 
availability are difficult to evaluate in terms of capacity. Where- 
as an increment of capacity considered individually might be 
considered too small to warrant a capacity charge, several of 
such increments, however, could add up to a capacity which 
Again, numerous factors require 
a charge for ‘small capacity dif- 


could not be overlooked. 
consideration as to whether 
ferences is warranted on a particular system. 
The authors a 
of this paper. These comments represent an important addition, 
to the information presented in the symposium on the economics 


ppreciate the comments made by the discussers 


of reheat power plants. 


Ciosvre BY R. C. DaNNETTEL ANp G. S. Harris 


‘The authors appreciate the helpful suggestions of the dis- 
cussers and, in general, agree with them. 
some of these points justifies further discussion for clarification. 
Mr. Elliott emphasizes that estimates should include “all 
elements in which there is a significant difference in investment.” 
The surprising result in the authors’ investment studies was the 
small difference when all elements were considered as contrasted 
with the much larger spread of costs indicated by considera- 
With respect “to magnitude 


The importance ot 


tion of a few major elements. 


*. of fixed charges, the constant percentage used by the authors 


was determined by a staff member of the Company's Economic 
Planning Committee who was familiar with the taxes, interest 
Elliott and who 
also was in a position to weigh the effects of stock-bond-surplus 
There is full agreement with Mr, El- 
percentage return on in- 


rates, and amortization rates mentioned by Mr. 


financing of the project. 
liott’s comment “To justify reheat, 
crease iti investment should be somewhat higher than the normal 
assigned for charges on cost of station as whole.”’ 

Mr. Krieg is correct in saving, “It is admittedly difficult to do 
so, but power-station design should not be concerned with 
present fuel costs but with the cost of fuel 16 years from now, 
that is, the average of the 3 to 33-year period hence.” The 
duthors based thei computations on a study of the estimated 
average cost of coal for a 30-year period prepared by the Com- 
pany’s purchasing agent. Mindful of the 
fuel costs between 1941 and 1948, and acknowledging the dif- 
ficulty of predicting future prices, the authors graphed their 
results with coal costs as abscissas (Fig. “l in paper) to permit 


severe changes in 


evaluation with wide latitude in estimates of future coal cost. 
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The authors agree with Mr, Krieg’s statements that the “prob- 
lem of reheat” appears to be one of “futures” in coal and labor 
with the further,complication of future load factor. 
plotted against coal cost offer a partial solution to the first part 
of this problem by predicting in advance the effect of a wrong 
guess in estimating fuel cost. 


The graphs 


The second part is best answered 
by a composite load-duration curve including estimated effects 
of system interconnection and the progress of the manufacturers 
and the central-station industry in producing more efficient units 
in the future. 
shows clearly the achievements to date and promises better 
efficiency for future units; sound engineering dictates that each 
improvement be weighed as it becomes available and incorpora- 


A curve of thermal rates plotted against years 


ted in the system whenever a study of all elements of cost shows 
- that its selection would result in greater over-all return to the 
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stockholders over the life of the unit. It may be of interest 
that a study conducted along these lines one year later than the 
one reported confirms the assumptions made for No, 4 Unit at 
Riverside and indicates similar general conclusions. 

Mr. Krieg is correct in stating that the 1450 psi, 1050 F, and 
the 1250 psi, 950 F/950 F cycles would have approximately the 
same thermal pertorthance and should offer a more direct com- 
parison than 1450 psi, 1050 F compared with 1450 psi, 1000 
F/1000 F. 
graphs and indicate that the cycles with approximately the same 
thermal performance differ very slightly from each other in costs. 

The authors frankly, admit that their computations show a 
small saving by use of the reheat eyele but are in full agreement 


The results of this comparison are shown in the 


with Mr. Krieg that “‘the incremental dollar savings do not always 
appear to balance the incremental headaches.” 
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Analysis of Experimental Data Regarding | 
Certain Design Features of Pressure Vessels 


, By G. J. SCHOESSOW! anp E. A. BROOKS,? BARBERTON, OHIO 


This paper presents an analysis of data obtained by 
strain-gage experimental stress analysis on drum heads 
and nozzle openings in drum shells. This analysis, while 
referred particularly to power boilers, is also applicable to 
other types of pressure. vessels. The data obtained are 
reduced to dimensionless form so that they may be ap- 
plied to drums of other size and thickness but geometri- 
cally similar, and to illustrate more clearly the action of 
the drum in resisting pressure. The relationship between 
operating-stress level and the life of the vessel in service 
is discussed with particular reference to a drum that has 
given over 40 years of satisfactory service with an operat- 
ing-stress range over a considerable area of the vessel 
of approximately the ultimate strength of the material. 
The effect of prestress created in the vessel by overpres- 
suring, such as applying the 1'/,-times working-pressure 
.hydrostatic test, is discussed. 


N A vessel of complicated shape subjected to internal pres- 
sure, the simple membrane-stress concepts do not suffice to 
give an adequate idea of the stress situation. Cylindrical 
shells are somewhat out of round, vary in thickness, and are 
pierced by openings. Their end closures tend to dilgte radially 
at a rate different from that of the shell, they deviate from a true 
spherical shape, often markedly, and are themselves pierced with 
openings. These deviations from a true membrane shape set 
- up bending in the vessel wall and cause the direct loading to vary 
from point to point. 

In the series of experimental stress analyses on pressure vessels 
whose technique has been reported by L. F. Kooistra and R. U. 
Blaser,’ resistance strain gages were bonded in opposite pairs to 
the inner and outer walls of the test drums. From the readings 
‘of these gages may be computed the stresses at the inner and 
outer walls. The direct stress on the wall at that point is given 
by one half the sum of the stresses inside and outside, while the 
bending stress is given by one half their difference. These direct 
and bending’stresses, plotted over the vessel wall, give an excellent 
idea of how the vessel behaves under pressure. A somewhat 
better conception is obtained if, instead of stress, the actual 
loads and moments be plotted. The direct load is obtained by 
multiplying the direct stress by the vessel thickness; the bending 
moment, by multiplying the bending stress by one sixth the thick- 
ness squared. 

A plot of the distribution of direct loading and moment over 
the vessel surface would show how the vessel takes the loading 


1 Manager and Chief Engineer, Engineering Department, The 
Babcock & Wilcox Company. Mem. ASME. 

3 Engineer, The Babcock & Wilcox Company. 

* “Experimental Technique in Pressure-Vessel Testing,”’ by L. F. 
Kooistra and R. U. Blaser, published in this issue of the Transac- 
tions, pp. 579-589. . 

Contributed by the Power and Applied Mechanics Divisions: and 
presented at the Fall Meeting, Erie, Pa., September 28-30, 1949, 
of THe AMERICAN SoctetTy oF MecHanicat ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
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due to its internal pressure. The direct loading is diverted from 
the more flexible to the more rigid portions of the vessel, the devi- 
ations setting up bending in the shell. The information so ob- 
tained is instructive, but applies only to the specific vessel tested. 
It is necessary further to interpret the data to apply the test re- 
sults to protetype vessels. 

The direct load at any point of a vessel is proportional to the 
internal pressure and to the inside radius, so that if we divide 
the load per inch of shell (7’) by the pressure and by the inside 
radius, we obtain a dimensionless value showing the relative 
loading at each point, the value of unity corresponding to the 
simple membrane stress in a cylinder, the value 0.5 to the simple 
membrane stress ina sphere. The bending moment at any point 
is proportional to the direct load and to a geometric eccentricity, 
which latter is proportional to the inside radius. If then we divide 
the moment per inch of shell (17) by the pressure and by the in- 
side radius squared, we obtain a dimensionless value showing the 
relative bending at each point, the value zero corresponding to a 
direct loading without bending. The values so obtained are inde- 
pendent of the size of the vessel, depending only on its shape. 

To use these charts in finding the actual stresses in a prototype 
vessel, the foregoing procedure is reversed. The dimensionless 
value for direct load is multiplied by the pressure and by the in- 
side radius to give the load (7) per inch of shell, which is divided 
by the shell thickness to give direct stress. The value for bend- 
ing is multiplied by the pressure and by the inside radius squared 
to give moment (17) per inch of shell, which is divided by one 
sixth the thickness squared to give bending stress. The direct 
and bending stresses are added algebraically to give the stresses 
at the inside and outside surfaces of the prototype vessel. 


Heaps 


The results obtained for dished heads of different shapes are 
shown in Figs. 1 to 8, inclusive. In each case the radius shown 
is the inside radius of the cylindrical skirt of the head. The cir- 
cumferential direction is parallel to the circumference of the skirt. 
The meridional direction is perpendicular thereto, lying in a plane 
containing the axis of the drum. A positive load value corre- 
sponds to tensile load, a positive moment value corresponds to 
tension on the inside surface of the vessel, both with internal 
pressure applied. 

Figs. 1 to 8 show the loading distribution in dished heads. In 
general, the dished heads tend to move toward the spherical 
shape giving circumferential compression and rapid changes of 


‘bending moment, indicative of large shears, at the knuckle. 


This circumferential compression carries well into the cylindri- 
cal portion of the shell. At the crown of a blankhead, the curva- 
ture increases under pressure, producing compression inside. 
At the opening in a manhead there is found a high circumferen- 
tial tension with local bending in the flued-in manway. 

Figs. 6 and 7 show an ellipsoidal blankhead and a similar head 
with an opening so reinforced as to dilate at the same rate as the 
portion of the blankhead crown replaced. During fabrication 
the reinforcement was displaced axially, causing the bending 
shown near the reinforcement. Otherwise the reinforcement is 
seen to perform satisfactorily. The unreinforced hemispherical 
manhead, Fig. 8, is seen to perform about as would be predicted 
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hie. 6 DisTRIBUTION IN 2:1 BLANKHEAD 


from theoretical considerations. The circumferential stress at 
the edge ef the opening is twice that in the head elsewhere. The 
increased deflection near the opening causes a reduction in the 
curvature of the head, with positive bending throughout. 


OPENINGS 


Round Openings. Openings in a cylindrical shell are focal 


points for the initiation of failure, particularly when operating at 
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8 Loapinc Disrripution HemispHerRtcAL MANHEAD 


high stress levels in services involving frequent pressure changes. 
The designer will seek to reinforce such openings by adding metal 
locally around the hole. Each such addition of metal reduces the 
stress at the opening but as more metal is added the reinforced 
If this be carried on sufficiently, the 
stresses at the outside edge of the reinforcement will rise to values 


area becomes more rigid. 


higher than at the opening, and the opening becomes over-rein- 
forced. 
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Fie.9 Maximum LoapINGs aT 


INSERTED CIRCULAR NOZZLE 
Fic. 10 Maximmum Loapincs at Circvu- REINFORCEMENT 194%.1N 20 
LAR Nozz_eE OpentnGc WitH INTEGRAL Re- 302% TOTAL 
INFORCEMENT Fic. 11 Maximum Loapines at Crrcv- 


LAR Nozz_e Openinc Tuick Inre- 
GRAL REINFORCEMENT 


Figs. 9 to 12, inclusive, show the effect of adding reinforce- 
ment in various degrees at the opening. - 
Fig. 9 shows a heavy inserted nozzle. Counting only that part a 
of the nozzle and weld that is symmetrical about the center of the 
vessel shell, the added reinforcing area is 106 per cent the area , - 
cut out in the opening. This is considerably more than required x ; 
by present design rules, and a little more than would be re- F = 


quired if the provision allowing 2-in. free opening without rein- 


forcement were removed from the present rules. It is seen that + CIRCUMFERENTIAL 
the maximum stress at the bore has been dropped to 2.06 from : 


26 


the 2.50 times the average shell stress that is found at an unre- 
inforced round opening. This is a relatively minor improvement. — 

Fig. 10 shows an inserted nozzle with welds that are readily — 
radiographed. The changes in thickness are less abrupt, while 
the total reinforcing area is only slightly increased to 115 per 
cent. The maximum stress at the bore is only slightly reduced to 
2.04 times the average shell stress, corresponding to the slight 
increase in area of reinforcement over the nozzle of Fig. 9. 

Fig. 11 shows the effect of increasing considerably the réin-— 
forcement by adding metal close to the opening. The added re- 
inforcement within one opening diameter as specified by present 
rules is 194 per cent, and the total added area is 302 per cent. The 
maximum stress at the bore is 1.05 times the average shell stress 
but the stress in the shell just outside the reinforcing area is now | 
1.51 times the average shell stress, showing the rigidity of the 
thick reinforcement. 

Fig. 12 shows the effect of increasing the diameter of the rein- ‘ ' 
forcement and reducing the thickness so as to maintain reinforcing 7 REINFORCEMENT 147% IN 20 
area while reducing rigidity. Here the added reinforcement is ne aid : 380% TOTAL 
147 per cent within one opening diameter either.side of the open- Fic. 12. Maximum Loaptnas at Crrcvtar Nozzie WitH 


Axiau 


ing, 380 per cent total. The maximum bore stress is now 1.16 Larce-DiaMeTerR INTEGRAL REINFORCEMENT 
times the average shell stress and -the maximum shell stress is 
1.26 times the average. the reinforcement, while keeping down the stress at the bore. 


Further experimentation with reinforcement shape can yield All such designs are expensive to fabricate and are bulky, occupy- 
forms of still better performance. All the reinforcements tested ing shell surface needed for functional drum attachments. As 
were essentially the same shape in both circumferential and openings are usually for the flow of fluids, there is no necessity 
meridional sections. Tapering to a different shape in the circum- that the opening be round. The virtue of the round opening lies 
ferential direction will be most effective in reducing the rigidity of in its simplicity. If this virtue is to be lost in reinforcement to 
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give uniform stress levels throughout the vessel, then it becomes 
permissible to examine the performance of openings having more 
advantageous shapes. 

Elliptical Openings. The wall of a cylindrical vessel is loaded 
in two principal directions, the major load circumferential, the 
minor axial and of a little less than one half the magnitude. 
The minimum stress concentration at an opening in a plate so 
loaded is obtained by making the opening elliptical with the 
lengths of the axes proportional to the plate loadings in the same 
directions. So designed, the tangential stress is uniform around 
the periphery of the hole and is equal to the sum of the unpierced 
plate stresses in the major and minor directions. In drums. this 
means that the opening is an ellipse with axis ratio 2:1, and with 
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peripheral stress 1.5-times the average circumferential stress in 
the drum shell. Several such elliptical nozzles were built and 
tested with results shown in Figs. 13 to 16, inclusive. 

Fig. 13 shows a thin-walled nozzle designed to give minimum 
reinforcement. In the longitudinal section, the area added that is 
symmetrical about the vessel wall is 16 per cent of the area lost in 
the opening. The maximum stress is found in the inside of the 
nozzle, equal to 1.40 times the average circumferential stress in 
the vessel. Here even a small amount of reinforcement has pro- 
duced an appreciable reduction in maximum stress from the 1.50 
factor expected without reinforcement. 

Fig. 14 shows a nozzle with a thick wall, the reinforcing area 
symmetrical about the vessel wall being 113 per cent the area cut 
out. This is seen to be too heavily reinforced, for the stress in- 
side the opening is 0.77 the stress in the vessel wall, while the 
stress factor in the plate outside the nozzle has risen to 1.19. 
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With an optimum design of intermediate thickness, a stress level 
but slightly above that in the unpierced plate can be achieved. 

The designs in Figs. 13 and 14 occupy an absolute minimum of 
area of drum shell, often a very valuable consideration. They. 
do, however, require the cutting of an elliptical hole in the shell ° 
which may be objectionable, and do not permit of ready x-ray 
examination of the welds. 

Fig. 15 shows a cast nozzle with elliptical opening which inserts 
into a round hole in the shell. This proved to. be a little light in 
design with a stress factor of 1.3. A somewhat heavier version of 
this nozzle should prove to be a near perfect nozzle. 

Fig. 16 shows a heavy nozzle with a round hole machined to an 
oval shape at the vessel wall. It performed about as might have 
been expected for the same amount of reinforcement on a round 
opening, so that the oval shaping made little difference. 


Design MetTuops 


In the past the design of many boiler parts has been on an 
arbitrary rule-of-thumb basis. In the case of dished heads and 
reinforced holes, for example, there has been available no ade- 
quate theory nor any method of determining experimentally the 
behavior of these parts. The experimental techniques of Koois- 
tra and Blaser? have now filled the latter deficiency, so that a re- 
examination of the methods of design of heads and openings is in 
order. 

The general method of design of boiler parts has been to set up 
a reasonablé appearing formula involving the pressure, the di- 
mensions of the part; and one or more arbitrary constants relating 
to the material used, and to experience with the part obtained 
from service or from proof-pressure‘test. It is unfortunate that 
one of these constants has had the dimensions of stress, for this 
practice has given the impression that such a stress level actually 
existed in the vessel, with the corollary that these stress levels 
were the maximum desirable. It is significant that in the case of 
complicated pressure-vessel elements, such as stay bolts, stress 
factors are not used. If we are to apply our new knowledge of the 
behavior of boiler parts to design, we must be prepared to alter 
our ideas concerning permissible stresses, or our new knowledge 
will do us a disservice. 


ALLOWABLE STRESS 


With the means available to determine stress levels throughout 
a vessel, we must find a reliable method of determining allowable 
stresses in a vessel for a given service. The service test is the most 
reliable test of a design, but it takes a long time to complete. 
Safety considerations make it impractical to determine limiting 
stresses in this manner. 

The test to destruction by overpressure is quickly accomplished, 
but has the serious difficulty that often the shape just before 
failure is much different from that of the vessel in operating con- 
dition, and the properties of the material have changed markedly, 
so that the vessel at failure is quite different from the vessel it was 
desired to test. The overpressure test will not usually show the 
effect of high local stresses, as at notches, which may cause failure 
in service. 4 

The fatigue test, produced by the cyclic application of pres- 
sure, does not distort the vessel and may be relied upon to show 
the existence of any important stress raisers. It simulates in a 
short time the variations of pressure which the prototype will ex- 
perience in service, and can be run to failure without hazard so 
that limiting stress values can be obtained. It is, however, open 
to the objection that the fast cycling of the fatigue test may not 
produce the same effect in the vessel as the slow cycling in serv- 
ice, with long periods at nearly constant pressure. The validity 
of this objection can be established only by service tests. 

The fatigue test, generally performed with cold water as a 
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pressure ‘medium for safety and convenience, does not reproduce 
the effect of temperature on the vessel. Temperature does affect 
the physical properties of the vessel material, so must affect the 
life of the vessel. Up to the saturation temperatures of high- 
pressure boilers, the change in short-time physical properties of 
steel is small, 

The work of Kooistra and Blaser on fatigue of pressure vessels 
at elevated temperatures shows no significant effect of tempera- 
ture on the fatigue life of steel in the saturation-temperature 
range. It appears unnecessary td perform fatigue tests at tem- 
peratures in the saturation range. The fatigue test is also open to 
the objection that it does not reproduce the effect of corrosive 
media on the vessel material. The validity of this objection must 
also be determined by service tests. 

In the past, due to insufficient knowledge, vessels containing 
parts operating at high stress levels were fabricated and operated. 
A study of the history of such vessels may prove a valuabie aid in 
determining allowable stress levels. There are a large number of 
such vessels available. If we determine the stress levels actually 
obtaining in such vessels by experimental stress analysis when the 
vessel is retired, we will be better able to assess the validity of the 
fatigue test. 

Prior to 1915 boiler-drum heads were of the ‘shallow dished- 
and-flanged type shown in Figs. 1 and 2. Recently, in the course 
of a ‘modernization program at a district steam-heating plant, a 
drum with a satisfactorily long life at full design pressure became 
available. The boiler was first installed in 1906 and was removed 
from service in 1948. Design pressure was 200 psi, with 175 psi 
being maintained on the main steam headers, so that the actual 
drum pressure was between those values. A 300-psi test pressure 
was applied on starting up each fall, and at other times after 
opening up the boiler.- No‘ accurate log of boiler operation was 
kept; however, all boilers of the plant were required during the 
colder periods of winter, some boilers were banked or shut down 
during milder weather, and all were laid up dry each summer. 

Such service is in many ways more severe than steady opera- 
tion, for it involves many more stress.cycles, and exposes the 
drum to corrosion while cold and in contact with moist air. No 
close estimate can be given of the number of stress cycles applied 
during the 42 years of operation, but it would appear that the 
cycles of 300-psi test pressure would number about 75, while 
the cycles of operating pressure would number several thousand 

The high stress level is clearly portrayed in Fig. 17, showing the 
pattern of Liiders’ lines formed on a head of this drum. .This pat- 
tern was so fully developed that it showed up clearly even after 
sandblasting the scale from the surface. This drum was made 
from 55,000 UTS open-hearth steel plate. Extensive sectioning 
and testing of the highly stressed regions of the head showed no 
significant change in physical properties over those given in the 
original mill tests of the plate. The interior surface ‘n contact 
with boiler water was covered with a smooth coating of scale, but 
showed no signs of corrosive attack. The exterior surface showed 
a few deep pits, apparently at points where the boiler brickwork 
was in contact with the drum shell. From any visible evidence 
this drum was in good shape and ready for another extended 
period of service. i 

Fig. 18 shows the stresses actually measured in this drum at 200 
psi pressure. These of course represerit stress range at this pres- 
sure after a preceding 300-psi test pressure. It appears that the 
stress range at any point did not much exceed twice the yield 
point of the material at design pressure. At test pressure the 
stress range exceeded twice the yield point over limited areas. 

From the foregoing data on this drum we are in a position to 


draw some tentative conclusions concerning the relative im- * 


portance of the various factors in drum life. 
We do not have any data as to the fatigue strength of the ma- 
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terial of this drum, but, considering the severity and probable * ' 
. YIELD ON INITIAL 


number of the stress cycles, we may assume safely that a con- uo’ [APPLIGATION OF PRE$SURE 
siderable portion of the fatigue life of this drum has been spent. *t — 8 
Neither time nor exposure to boiler water has greatly accelerated 7 8 
the failure, for the drum was to all appearances in good condition. 2 
It would then appear that the fatigue test is a reliable test of ; > 
service life for boiler drums. 0 <= oz 

There is a general relationship between stress range and number — | \ 2 
of cycles to failure, expressed in the conventional S-N curve. : \ = 
The desirable maximum stress range in a vessel is that range * . 
which will produce a service life of the vessel which shall exceed > - —re- 
the desired service life, expressed in number of service cycles, by a “s, LYVELO/ON REMOVAL 
safe margin. In the determination of stress range all contributing “™ — 
factors should be considered, such as thermal stresses, not merely . : 
pressure stresses alone. We now have available or obtainable -2 _— “+: -2 : 
sufficient information to design vessels on such a basis. 

° ' 2 3 
PRESTRESS STRESS RANGE AT OPERATING PRESSURE IN YIELD POINTS 


The application of an initial overpressure, as by a pressure — Fs. 19 Benavior or Vessev at Stressep Points 
test, will so prestress a vessel as to reduce the stress at working Wit No Initia OVERPRESSURE 
pressure in various partions of the vessel. This may have a bene- ; 
ficial effect on the life of the vessel. any initial overpressure, then the stress picture is that indicated | 
Consider a vessel so constructed that when the pressure is in Fig. 19. Those portions with stress ranges between once and 
raised from zero to design pressure, the growth of various localized — twice yield point operate at yield point with no vielding on subse- 
portions of the vessel corresponds to a stress range varying from quent pressure applications, With pressure off, these same por- 
zero stress to over twice the yield point of the vessel material, tions have prestresses varying down to negative yield point. 
If the vessel pressure is simply raised to design pressure without Those portions of the vessel with a stress range of over twice the 
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yield point must yield with each application and release of pres- 
sure, 

If an initial overpressure is applied, Figs. 20 and 21 show that 
the operating stress is lowered for portions with an operating 
stress range of less than twice the yield point. If an overpressure 
of 3/2 working pressure is applied, then the operating stress for 
those portions of the vessel with an operating stress range- less 
than 5/3 yield point does not exceed 2/3 yield point. If an over- 
pressure of 2 times working pressure is applied, then the operating 
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stress for those portions of the vessel with an operating stress 
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range less than 3/2 yield point does not exceed 1/2 yield point 
Similar relationships apply for other values of initial overpressure. 
No initial prestress can benefit those portions of the vessel which 
have an operating stress range of over twice the yield point, for 
these portions must yield with each application and release of 
operating pressure. 

The foregoing discussion assumes that only limited portions of 
the vessel have these high stress ranges so that their yielding will 
not affect appreciably. the general stress level of the vessel. To 
the extent that this assumption is not justified, that yielding of 
the higher stressed portions does increase the general stress level, 
then to that extent is the amount of prestress obtainable re- 
stricted. A vessel with a uniform stress range throughout cannot 
be prestressed. 

It has also been assumed that yield point is a simple, definite 
stress. Actually, the yield point is not a clearly defined value in 
any case, and is considerably influenced by previous cold-working 
of the material, and by the stress conditions in the perpendicular 
directions. The effect of these considerations is to round off the 
sharp corners of the curves in Figs. T9, 20, and 21, and to alter the 
value of yield point selected, but does not change the general re- 
lationship. 

It has been shown that the effect of prestress is limited to por- 
tions of the vessel having stress ranges within certain limits as set 
forth. Whether this prestressing will increase vessel life depends 
upon whether corrosion resistance or fatigue life is improved. 
Experience with older drums, such as the case already cited, 
would indicate that corrosion due to‘contact with properly treated 
boiler water is negligible for boiler plate at any stress level. There 
may, however, be benefits in services using other media. Fatigue- 
test data indicate that there may be some improvement in fatigue 
life of mild steel by prestressing at ranges below twice yield point, 
but that this improvement is in a life already many hundred 
times the number of pressure cycles possible in boiler service. 

We may conclude that prestressing isnot significantly bene- 
ficial to the life of boiler drums. The pressure test is of course of 
value in boilers to show up safely incipient failures in parts weak- 
ened by erosion or other cause. The value of prestress in other 
services should be determined by the effect on corrosion and 

fatigue life in that service. 
CONCLUSION 

The results of. many experimental stress analyses of boiler 
drums have been given in a form permitting their ready applica- 
tion to other vessels of the same general shape. 

The significance of these results is discussed with particular ref- 
erence to allowable stress levels in design. It is shown that in 
power-boiler service there is no selective corrosive attack of boiler 
plate at stress ranges of twice the yield point. It is also shown 
that present design rules are not correct as regards dished heads 
and reinforced openings. 


Discussion 


H. C. Boarpman.‘ This paper is timely because it treats of 
problems now of great interest to the ASME Boiler Code Com- 
- mittee and to the Design and’ Fabrication Divisions of the 
Pressure Vessel Research Committee of the Welding Research 
Council. It brings out into the open stress factors which present 
codes for pressure vessels either conceal or only mention in cau- 
tionary phrases. Surely it will stir code writers to a keener 
awareness of the deficiencies of their work, and of their obligation 


« Director of Research, Chicago Bridge & [ron Company, Chicago, 
Ill. Mem. ASME. . 
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to keep rules of design as close to the forefront of knowledge as 
considerations of safety will permit. 

The technique and interpretation of electric-strain-gage sur- 
veys are well established and understood; the authors’ company 
has contributed much both to this technique and this understand- 
ing. Such surveys, complemented by mathematical analyses, 
should be accepted as a basis for the design of pressure vessels, as 
already they are officially accepted for the design of storage 
tanks. The Standard Specifications for Elevated Steel Water 
Tanks, Standpipes and Reservoirs states: 


“Tt is recognized that no specifications for the design of elevated 
tanks can be sufficiently specific and complete to eliminate the 
necessity of judgment on the part of the designer. It is also’ 
recognized that strajn gage surveys are a proper source of design 
information.” 


A similar statement could well be made with reference to pres- 
sure-vessel design. 

Presumably “direct load,” ‘‘direct loading,”’ and “load per inch 
of shell” are synonymous; also “bending moment” and “moment 
per inch of shell.” 

Aptly descriptive of how connections upset the membrane 
stress system is the statement: “The direct loading is diverted 
from the more flexible to the more rigid portions of the vessel, the 
deviations setting up bending in the shell.””. These words convey 
to the mind a picture of “direct-load” contours bunching up near 
nozzles and supports and correspondingly thinning out elsewhere 
to keep their sum total equal to the bursting pressure. The mo- 
ments established in this way are of two kinds—those in planes 
perpendicular to and tangent to the shell. The latter are due to 
the cited shifting of direct loadings because of vessel attachments 
and other geometric irregularities. 

In calculating their dimensionless values for ‘relative loading 
and bending”’ the authors have assumed that, at any point in the 
shell, the “load per inch of shell’ is proportional to the pressure 
and the shell radius, and that the ‘moment per inch of shell” is 
the product of the “direct loaid’”’ times a “geometric eccentricity” 
which is proportional to the shell radius only. How is it known 
that the geometric eccentricity is not a function of pressure too, 
just as the eccentricity of a column is a function both of the load 
on the columy and the geometry of the unloaded column? As 
another example, the moment per inch of shell at a cylinder to a 
conical-head connection varies approximately as the product of 
- the three-halves power of the pressure and the square of the 
cylinder radius, and inversely as the square root of the unit stress 
used in designing. 

The authors’ dimensionless values for a cylinder are the direct 
load and moment per inch of shell for a cylinder having a radius 
of 1 in., under a pressure of 1 psi, assuming that the geometric 
eccentricity for this small cylinder is the eccentricity for the actual 
cylinder divided by the radius of the actual cylinder. Is this 
probable? What‘is meant by: “The values so ‘obtained are in- 
dependent of the size of the vessel depending only on its shape’? 
Is not a given set of the authors’ dimensionless numbers pre- 
cisely applicable only to vessels which, including the shell thick- 
ness, are photographic enlargements or reductions of each other? 
Nevertheless, such dimensionless numbers should be quite useful 
when applied to vessels departing from photographic similarity; 
doubtless thé authors intend that they be so used. 

Dished Heads. The reported results for the heads tested are 
believed to be in line with the results of crude mathematical 
analysis and with intuitive knowledge of how heads behave. It is 
gratifying to observe that properly reinforced circular openings in 
spheres change little the normal stresses in adjacent shell plates. 

Openings. 


This section is a real contribution because it shows 
how shape refinements, commonly known as streamlining, can 
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reduce stress concentrations. Although elliptical openings have 
been used for some time, it is probable that this paper for the first 
time demonstrates their advantages quantitatively. Are not 
such openings amenable to fairly accurate mathematical analy- 
sis? 

Incidentally, there is now being conducted at the Chicago plant 
of the writer’s company, a strain-gage survey of a large rectangu- 
lar clean-out door, installed in the bottom ring of a section of am 
oil storage tank 100 ft diam, with the bottom of the opening flush 
with the.upper surface of the horizontal tank bottom plate. To 
‘arry the normal ring-tension stresses in the shell around the 
opening, without causing bending in the tank shell and tank 
bottom, there is provided a continuous bar with its width per- 
pendicular to the shell, which bar forms the top and bottom of 
the opening, and is shaped to a parabola around each end of the 
opening. Of course this bar is welded to the shell. In this case 
the parabola is the equilibrium curve for the shell loads on the 
bar. However, in the case of a cylindrical pressure vessel, the 2:1 
ellipse is not the equilibrium curve for the shell loads upon it and 
therefore is subject to bending as well as direct stresses. The 
1.414:1 ellipse in a cylindrical shell is free of bending moments 
but is subject to a variable direct stress. 

Design Methods and Stresses. This portion of the paper is very 
stimulating and helpful. The authors truly state: “If we are to 
apply our new knowledge... to design we must be prepared to 
alter our ideas concerning permissible stresses, or our new knowl- 
edge will do us a disservice.” The same thought has been ex- 
pressed many times in meetings of the ASME Boiler Code Com- 
mittee, and really is an indirect way of saying that the inevitable 
changeover, from the crude idea that the nominal stresses of 
simple design formulas are the actual stresses in the vessel, to the 
idea that the working stress at points of stress concentration may 
safely be practically at the yield point, must involve a period 
of education and conditioning to make acceptance possible. Such 
education and conditioning result in one of the greatest products 
of the Pressure Vessel Research Committee and in papers such 
as the one under discussion. 

The service history of the boiler-drum heads built in 1915 is 
most encouraging and gives assurance that the heads of the 1950 
ASME Unfired Pressure Vessel Code are quite safe for the serv- 
ices intended, 

It is startling to read “It appears that the stress range at any 
point did not much exceed twice the yield point of the material at 
design pressure,” and “‘The desirable maximum stress range in & 
vessel is that range which will produce a service life of the vessel 
which shall exceed the desired service life, expressed in number of 
service cycles, by a safe margin.”’ The first statement arouses a 
bit of doubt as to whether the stress range did really exceed twice 
the yield point; perhaps the tensile and compressive yield points 
were sufficiently raised by the straining to keep the stress range 
between them. The second statement, extended to the limit, ap- 
pears to mean that, if a vessel were so streamlined as to be free of 
stress concentrations, it could for most services be operated 
safely at general stress levels practically up to the yield point in 
tension. This is plenty of food for thought. 

The writer questions the reasoning by which the authors 
reached the conclusion that “the fatigue test is an accurate test 
of service life for boiler drums.” How the fact that a boiler drum, 
poorly designed by present standards, withstood service con- 
ditions for over 40 years, and then appeared to be in good condi- 
tion, leads to the conclusion that- the fatigue test is an accurate 
test of service life for modern boilers, is rather obscure. 

Prestress. The questions of prestress and the hydrostatic test 
are inseparable, especially for vessels not thermally stress-re- 
lieved. In such vessels cold-forming and welding lock up very 
complex stress systems which, in a sense, are prestress systems. 
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These the’ hydrostatic test modifies by plastic-straining, par- 
ticularly in the welds and in regions where there are fabricating 
misalignments and design discontinuities such, for example, as the 
direct connection of a conical head to a cylindrical shell. 

The real question is whether the residual-stress system after 
the hydrostatie test is more favorable to vessel service than the 
locked-up stress system which would develop in service if the 
hydrostatic test were omitted. ‘ 

Since the’ major stresses induced by pressure are tensile, it 
seems that the highest tensile prestrain short of general yielding 
is the most beneficial because it most reduces misalignments and, 
in regions of design discontinuities, results in the lowest subse- 
quent “‘pressure-on”’ tensile stress in service. Furthermore, 
should the latter effect be overdone, to the extent that plastic 
compressive yielding occurred upon release of pressure, such 
secondary yielding would again modify the residual-stress system 
so that thereafter the pressure-on tensile stress in service would 
be the lowest possible, and the “pressure-off”’ stress would be the 
compression yield point. Of course the extreme tolerable stress 
cycle is between the highest possible compressive and _ tensile 
vield points short of failure. 

On the other hand, if no overpressure were applied prior to . 
service, the pressure-off compressive stresses at regions of 
stress concentrations would be the lowest possible, and the pres- 
sure-on stress would be the tensile yield point if plastic yielding 
occurred when the working pressure was first applied. - 

Does the Bauschinger effect in any way change this reasoning? 
Does embrittlement due to cold-working? 

The concluding statement: “It is..shown that present design 
rules are not correct as regards dished heads and reinforced open- 
However,- the 


nings”’ cannot, be denied in an absolute sense. 
burden of proof is on him who claims that the dished heads of the 
1950 ASME Unfired Pressure Vessel Code ‘are inadequate for 
boiler and other pressure-vessel services. Although in theory 
these heads could be improved by providing.’ transition spiral 
(like a railroad transition spiral), between the cylinder proper and 
the head proper, such refinement and complication seem inad- 
visable in view of the practically perfect performance of modern 
dished heads, both torispherical and ellipsoidal. : 

Commendation is due the authors for this most stimulating, 
instructive, and forward-looking paper. 

D. 38. Jacopus.. The’authors should be commended for show- 
ing the way in which advances may be made in designs and con- 
structions. 

The advantage of diminishing stress concentrations is , well 
known but, as shown by the tests and data given in the paper, 
such concentrations exist in some of the usual constructions. 

If models of new designs.were tested in the way described in the 
paper, progress could be made in formulating rules to provide the 
necessary safety with a minimum amount of material. * 

Let us hope that the work of the authors will cause such a 
movement to be started and perpetuate their efforts. , 


AuTHoRS’ CLOSURE 


It is indeed gratifying to the authors of a paper to find their 
work has been to some avail, that their paper has been read thor- 
oughly and with discernment, and that it has evoked searching 
discussion. The original paper, being necessarily limited in 
length, passed lightly over much experience and analysis that in- 
fluenced the conclusions drawn. Mr. H. C. Boardnran has 
pointed out several significant gaps in the paper which we will 
endeavor to fill in this closure. 5 

In connection with the dimensionless constants set up to as- 
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say the behavior of a shell or dished liead, it has been pointed 
out that the geometric eccentricity implicit in the moment con- 
stant is a function of pressure as well as vessel size for a given 
vessel shape. We have found this to be only a minor factor. 
The doubly curved surface of a drum head is so rigid that its 
shape changes only slightly with pressure unless the pressure is 
‘arried so high that a large portion of the head material has 
yielded. In such a case a new head shape is formed which be- 
haves somewhat differently. We have ha@ only a few opportuni- 
ties of checking heads of similar shape but varying ratios of 
thickness to diameter. _In each case the load and moment coef- 
ficients have checked to within the geometric accuracy of the ves- 
sels. 

The testing so far has been confined to vessels of the propor- 
tions in general use. As our company uses progressively deeper 
heads with increasing pressure, there has been no opportunity to 
test any shape over a wide range of thicknesses. We would ex- 
pect, however, that in very thick heads there would be a non- 
linear stress distribution through the wall at places where the 
curvature is high in relation to the thickness, much as in a curved 
beam. Properly evaluated, the same loading and bending con- 
stants might well still hoid for thick heads. ‘ 

The elliptical openings were designed from the analysis of C. EF. 
Inglis as given by Timoshenko.* In high-pressure drums, the 
addition of material to form a reinforcement for an opening is 
sometimes undesirable, both for fabrication and for service, life 
Reinforcement is then best provided by increasing the shell 
thickness. The optimum opening shape without local reinforce- 
ment is an ellipse whose axes are parallel and ‘proportional to the 
principal stresses. The local tangential stress around the open- 
This is predicted from 
If local rein- 


ing is the sum Of the principal stresses. 
the analysis and closely verified experimentally. 
forcement is added to further reduce local stresses, then the op- 
timum opening shape becomes less elongated, until, in the limit, 
for no disturbance in the shall plate, the optimum opening shape 
becomes an ellipse Whese axis ratio is the square root of the ratio 
of the principal stresses. This result is important in the design 
of efficient low-pressure vessels, and we are much indebted to 
Mr Boardman for his analysis of the latter condition. ; 

In the case of the old-type drum which was strain-gage tested, 
the metallurgical examination showed only normal 55,000-psi 
UTS plate. 
mal corrosive attack even in the zone showing extensive Liiders’ 
lines. The physical* properties checked the original mill-test 
reports to the usual accuracy of such tests. The strain gages 
definitely showed a stress range at working pressure of at least 
twice yield point, and proportionally more at test pressure. A 


There was no elevation of the yield point or abnor- 


measured yield point is a function of the shape as.well as the ma- 
terial of the specimen, and actual yielding in the direction of load 
is also affected by the stresses in the perpendicular drections, 
so that we cannot say that an-operating stress range of twice the 
the yield point of a standard 0.505 specimen means actual yield- 
ing in the vessel. Nor can it be determined from the behavior of 

any gage-that yielding has taken place at that gage, for yielding 

at an adjacent location at another stress level will increase the 

load on the metal under the gage to show an apparent yielding. 

In applying strain gages to a vessel, it is unlikely that the gage 
will be applied exactly to the highest stressed location. The 

gage indicates average strain over its gage length so that the peak 

stress is always larger than indicated. All these factors add so 
that it may be sfated confidently that the peak-stress range in- 

the head of the okd drym tested was well over twice the nominal 

*vield point of the material as given by a standard 0.505 specimen. 


6 “Theory of Elasticity,”” by 8S. Timoshenko, McGraw-Hill Book 


. Company,’ Inc., New York, 1934, p. 
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The extensive and well-formed system of Liiders’ lines shows that 
there was much plastic action during the drum life. 

Service tests have shown no definite upper limit for allowable 
stress in boiler drums. Given the usual good water conditions, 
local stress ranges at working pressure of twice the nominal yield 
point seem to operate with complete satisfaction. As it is 
manifestly impractical to operate a vessel with the general stress 
level at yield point, it is seen that isolated stress raisers may have 
a concentration factor of at least 2. 

This of course applies to boiler drums and present boiler plate. 
Contact .with other fluids and the use of high-strength steels 
may alter these conclusions markedly and will require a separate 
evaluation. 

Certain features of design are not susceptible to stress analysis, 
- either mathematical or experimental. Examples are the fillet 
at a gasket seat and the built-in crack at the root of a fillet weld. 
For such cases, an accelerated service test is desirable. The 
simplest such test is the room-temperature fatigue test. This 
fatigue test can be invalid on three counts: (1) Its results may be 
unrelated to service life; (2) they may be overly optimistic, or 
(3) pessimistic in predicting service life. 


1 A room-temperature fatigue test, using water as the pres- 
sure fluid, will certainly not predict performance under corrosive 
conditions or at high temperatures in the creep range. ” However, 
our tests have revealed no invalidating evidence in the range of 
saturation temperatures in boiler work up to 650 F. 

2 The speed of cycling is necessarily much higher in a fatigue 
test than in boiler service, and there is an observed small increase 
in fatigue strength with increase of. cycling frequency. It is 
possiblé that very slow cycling might ‘show some lowering of 
fatigue strength. However, we may note that fatigue strength 
is unaffected by testing frequency from the slowest normally run 
up to about 5000 cycles per min. An increase to 1,000,000 cycles 
per min will raise the endurance limit by a factor of the order 
of 30 per cent: We would not expect, to find any serious lessen- 
ing of fatigue strength at very slow cycling rates. Our service 
experience shows no corrosive attack from boiler water during 
these slow cycles. 

3 Several factors apply which may make service life greater 
than that predicted from fatigue-testing. If the fatigue life is 
letermined by the number of cycles at peak or test pressure, 
then the-cycling at lower operating pressures may raise the endur- 
ince limit appreciably. If the service life is predicted from 
number of cycles at working pressure, properly weighted for the 
damage caused by occasional overpressuring, then the effect of 
the mild heat-treatment at saturation temperature may be under- 
estimated. 


The amount of information available from service experience, 
concerning operation at stress ranges higher than twice yield 
point, is very small. Feed nozzles have developed cracks when 


quenched with cold water, Fired mud drums have cracked when in- 
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sulated from the water inside by scale or oil. Boiler sectional 
headers have cracked when intermittently quenched by improper 
use of the water lance. All of these cases have involved esti- 
mated thermal stress ranges of 100,000 psi or more and at least 
several hundred cycles. The service life obtained under such 
conditions is about what could be predicted from fatigue-test 
data. Certainly, if the service life were very much less than 
might be predicted from fatigue data, the old drums built prior 
to 1915 would not have the long service !ife actually afforded. 
If we require that a design when submitted to fatigue test, shall 
exhibit a life, measured in number of cycles that shall exceed the 
desired service life by a wide margin, say by a factor of 10, then 
the safety of the design is certainly assured. There are several 
commonly used details of current boilers that may not meet such 
a test. 

The stress ranges in blankheads designed in accordance with 
the ASME Power Code are shown in Fig. 22 of this closure. It 
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1G. 22 AcTUAL OPERATING STRESS RANGE IN 2:1 ELLIPSOIDAL AND 
SHALLOW DisHep BLANKHEADS SIMILAR TO Fics. 6 anp 3. De- 
SIGNED IN AccorpDANCcE With ASME Power Cope: 
S = 14,000 Psi 


is seen that the stress range is high in the thinner low-pressure 
heads and very low in high-pressure heads. This is inherent in 
any head-design formula which specifies a thickness proportional 
to pressure. The company with which the authors are connected 
has no service experience with the thin low-pressure heads. 

For many years, long before these tests were conducted, it has 
been our practice to use shallow dished heads at pressures below 
300 psi, 2:1 ellipsoidal heads from 300 psi to about 1000 psi, and 
hemispherical heads at higher pressures. Heads designed fer 
160 psi are used at lower pressures. This practice, it is now seen, 
has kept operating stress ranges under 50,000 psi. Dished heads 
might well be used at much higher pressures than is now the prac- 
tice, if the Code were modified to permit a reasonable stress 
range at such pressures. 
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; The latest designs of pressure vessels for high-pressure 
boiler service have been investigated by means of experi- 
mental stress analysis and hydraulic fatigue tests. Meth- 
ods have been developed to measure strain on the inside 
as well as on the outside of pressure vessels under internal 
pressure. Pulsating hydraulic fatigue tests were con- 
ducted on full-scale high-pressure drums. Scale-model 
vessels of about one tenth actual size were similarly tested 
in a saturated-steam and water atmosphere of 2000 psi. 
The technique used in these tests, and the special appara- 
tus built for the purpose are described. 


INTRODUCTION 


“SN XPERIMENTAL development of pressure vessels has 
iy been carried on for many years during which various test- 
ing techniques and procedures have been used. This 
paper will discuss certain phases of this development fhat have 
- taken place in the authors’ company during the past 10 years. 
It has long been felt that the use of a design factor of 5 was un- 
necessarily large, and that more appropriately it could be called 
a factor of ignorance rather than a factor of safety. The very con- 
siderable amount of work herein described was undertaken to 
reduce the number of unknown factors in pressure-vessel design. 

In the earlier stages, experimental stress analysis was conducted 
by means of Berry strain gages and somewhat later by using De- 
Forest scratch gages. These tools were later replaced by the 
Baldwin-Southwark SR-4 gages. The SR-4 gages were so much 
more accurate and sensitive and could be used with so 
much greater facility that the art of experimental stress analy- 
sis came into its own with the use of this tool. This paper, 
therefore, will deal largely with the development and the tech- 
nique employed for experimental stress analysis starting with the 
ise of the SR-4 gage. ‘ 

Besides the use of SR-4 gages, which tell the designer what stress 
levels are reached in the various parts of the structure under in- 
ternal pressure, other methods for determining stress concentra- 
tions were employed, such as room-temperature and _ high- 

. temperature fatigue tests. The room-temperature fatigue tests 
were conducted on full-size ditums, and the high-temperature 
fatigue test on scale-model cylindrical specimens. The room- 
temperature full-size drums were subjected to hydraulic pulsa- 
tions by means of apparatus specially built for this purpose. The 
high-temperature specimens were placed inside of a steam drum 
in an atmosphere of saturated steam and water and were simi- 
larily tested by means of hydraulic pulsations. The methods used 
in this kind of testing and the special apparatus built for this pur- 
pose will be described. 
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The results of the experimental stress analysis, und the merit of 
various design features are discussed in a companion paper by 
Schoessow and Brooks.* 

Problems in fabrication of fusion-welded pressure vessels, and 
the inspection and control of the materials entering into this type 
of product, are described in another companion paper by O. R. 
Carpenter.* 


Earty CONSIDERATIONS 


For a great many years it has been accepted practice to sub- 
ject pressure vessels to a hydrostatic proof test. Sometimes a pro- 
cedure of hammer testing was also included. Test measurements 
in the early days were limited to visual observations, linear 
measurements by rule, or tape measure, and mechanical gages. 
Such mechanical gages became more refined as dial indicators, 
Berry gages, and Huggenberger tensometers became available for 
measuring strain due to pressure loading. All these were re- 
stricted to readings on the outside of pressure vessels. Strain 
determinations on the inside of vessels under pressure first became 
practical through the advent of the DeForest scratch gage. 

Requirements of such extensometers and strain-measuring de- 
vices are small size, sensitivity, ease of multiple application, re- 
liability, low cost, little or no damage to specimens, and stability. 
Slightly more than 10 years ago the resistance-wire strain gage, 
combining all these requirements, was introduced. This measur- 
ing tool has done much to further the art of experimental analysis. 
It has made possible a clearer understanding of the distribution of 
stress, both on inside and outside surfaces of pressure vessels. 
Because of the advantages mentioned. the SR-4 electric-resistance 
strain gage has been used in most of the work herein described. 

At various times brittle coatings, such as whitewash, and later 
“Stresscoat’’ have been used to determine the locations of maxi- 
mum stress. Stresscoat is particularly useful in many cases where 
the location and direction of maximum stresses is obscure. In 
this application it serves as an excellent detective measure to de- 
termine critical or maximum stress points. 


EXPERIMENTAL STRESS ANALYSIS 


In testing pressure vessels under internal pressure, a problem 
immediately arises as to the choice of pressure medium to be used. 
For the regular hydrostatic tests, water is generally used for this 
purpose. When stress measurements were made on the outside of 
the vessel, water was entirely satisfactory. Even later, when De- 
Forest type scratch gages were used for internal-stress measure- 
ments, water was not objectionable. The SR-4 gage, being an 
electrical device, is naturally sensitive to moisture. Consequently, 
a great deal of development work has been done by several experi- 
menters toward waterproofing SR-4 gage setups. 

For atmospheric work, a Petrosene wax coating proved very 
satisfactory. Waterproofing for internal hydraulic pressure, 
however, was not available at the time of the earlier SR-4 tests 


3 “Analysis of Experimental Data Regarding Certain Design Fea- 
tures of Pressure Vessels,’ by G. J. Schoessow and E. A. Brooks, 
published in this issue of Transactions, pp. 567-577. 

*“Fabrication of Pressure Vessels," by O. R. Carpenter (not 
printed). 
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(1942) and for that matter is still not reliable for high-pressu 
work. 

For the first test in which internal stresses were determine 
compressed air was chosen as a pressurizing medium. For tk 
purpose the drum was set up on end, which was permissible 
this case since only the stresses in the manhead on one end we 
to be measured. : 

Fig. 1 shows the upper end of the drum with the SR-4 gag 
arrangement. After filling the dsum with air at 200 psi, wat 
from the hydraulic line was admitted at the bottom. The risi 
water column then compressed the air further until the desired 
test pressure was reached. Maximum pressures of 1268 psi were 


Fic. 1 View or Test Serup or Steam Drum in Verticat Posi- 
TION Usinc CompresseD AS Pressurt MepiuM 


obtained without the water level touching the lowermost gage 


wires. No particular difficulties were experienced in obtaining 
consistent data. 7 

Using a compressible gas in high-pressure vessels, sometimes at 
double the working pressure, was considered dangerous, particu- 
‘larly for experimental vessels. Therefore a method having less 
energy storage was highly desirable. j 

In searching for a dry, high-resistance pressurizing liquid, the 
choice naturally falls on transformer oil. After, testing several 
oils for this purpose, an inexpensive dight lubricating oil proved 
equally satisfactory. The next problem was to bring the neces- 
sary gage wires through the pressure shell, electrically insulated 
and pressure-tight. A special plug was designed for this purpose. 

This multiwire plug is shown in Fig. 2 as it looks in, the process 
of assembly. Once put together, several feet of avire are left on 
either side of the plug so that rewiring the plug is not necessary 
since soldered connections are made at the end of the leads. Con- 
struction details of this plug are shown in Fig. 3. This plug has 
been used with pressures up to 3750 psi and has been completely 
satisfactory both with respect to the absence of leaks as well as 
electrical insulation. 

To check the reliability of strain gages under pressure, a sepa- 
rate test was conducted with a weighted cantilever beam inside 
a small pressure chamber. This pressure chamber could be taken 
to whatever pressure was desired up to a maximum of 5000 psi, 
Fig. 4. It could be rotated about a central point so that’ the 
cantilever beam would be horizontal, vertical, or at any inter- 
mediate angle. Near the fived end the cantilever beam was pro- 
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PRESSURE SIDE 


HIGH PRESSURE MULTI-WIRE SEAL 


Fic. 3) Hicu-Pressure MuLtiwire Sear 


vided with machined flats, top and bottom, on which the SR-4 
strain gages were applied. Since the cantilever was surrounded 


on all sides by the high-pressure atmosphere in Which it was. 


placed, the gages registered a compression strain as expected. By 
rotating the assembly, bending stresses independent of internal 
pressure could be induced in the cantilever beam so that strains 
due to bending could be isolated from those due to internal pres- 
sure; Some variations betweén gages resulted. Further investi- 
gation revealed that these variations were due to differences in 
technique of application, such as, variation in thickness of the 
cement laver between metal and gage, air bubbles, etc. 

Fig. 5 shows results obtained using an inside reference gage. 
Briefly, the conclusion is that SR-4 strain gages are reliable at 
least up to the maximum test pressure of 5000 psi if applied cor- 
rectly. 

For the large vessel tests it is customary to use a dummy gage to 
correct for temperature changes. ° When measuring stress under 
hydraulic pressure, this dummy gage is placed inside the vessel 
for the inside gages. The dummy-gage specimen is of course in 
compression Qn all sides and will show a compression strain 
Gages on the inside surface of the vessel have pressures radial to 
the surface, and a Poisson's ratio effect is present for both dummy 
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and test gages. The theoretical correction for pressure on a 
dummy block will be as follows 


Pa — Qu) 
E 
Ee, = P (1 — 2u) psi 


_ Apparent strain «, = 
Stress correction = 
in which: 
internal pressure, psi 
modulus of elasticity 
Poisson’s ratio 
apparent strain 
These corrections are negligible in the testing of drums and 
pressure vessels at comparatively low pressure, and in most cases 
have been neglected. 


INSTRUMENTATION 
SR-4 strain gages from '/, in. to 6 in. gage length, and rosettes 
of various types have been used. The original tests were made 


‘ 


with the Baldwin-Southwark galvanometer-type control box. 


Later, the electronic SR-4 strain indicator greatly increased the 
facility of taking strain data. The latest-type K strain indicator 


is now used. A six-channel Brush Development Company pen- 


~ and-ink recorder and amplifier setup is now in use on some dy- 


namic measurements, These are also applicable to measuring 
stresses during fatigue tests which will be described later. 
Although from an electronic point of view stranded lead wire 
for the multiwire plug may be desirable, solid wire is essential to 
prevent leakage. Consequently, solid wire of sizes from No. 22 to 
No. 18 gage have been used in all high-pressure work. 
For switching from one gage to another in a multiple setup, 
plugs similar’ to those used on household appliances, such as 
These 
_double-terminal plugs were very simple and enabled rapid manual 
changing from gage to gage. With two men, several hundred gage 
locations can be read in one hour. The hydraulic pressure is oi 
course held constant during this interval. 
_ Figs. 6, 7, and 8 show arrangements of representative jobs. 
The outside views show the terminal board in place. It has been 
found that the material from which this terminal board is made is 
critical. It should be of a moistureproof material. This require- 
ment also applies to more modern switching arrangements in- 
cluding multipoint tap switches and automatic switching units. 


toasters, irons, etc., have proved quite satisfactory. 


FatiGgue TEestTInG 
There are many cases on record and in the literature where 
pressure vessels have been tested to destruction under hydraulic 
pressure. These vessels usually fail at pressures from 3 to 5 times 
the allowable working pressure. In those instances where the 
pressure vessel was made of one of the regular boiler-plate ma- 
terials, the failure generally occurred after very considerable dis- 
tortion of the original shape. The relatively large amount of 
plastic deformation, which of necessity occurs in the weakest sec- 
tion of the design, goes so far beyond the operating strain range in 
these locations that the final values have very little bearing on the 
behavior of such a vessel in regular operation. It has been argued 
successfully that in the final stages of a static-pressure destruc- 
tion test, one will not be testing the same shape nor the same ma- 
terial as that of the original vessel. Therefore it would be more 
to the point to test the design in a shape and condition similar to 
actual service. 
It is for this reason that considerable work has been done on 
testing pressure vessels under conditions of pulsating fatigue from 
zero to & Maximum internal pressure. Although this type of test 
does not simulate the service conditions of many types of pressure 
vessels either, it does bring out points of severe stress concentra- 
tion, or is a means of demonstrating that such stress concen- 
trations: do not exceed those that are unavoidable in pressure- 
vessel design. Where a boiler drum, for example, may be subjected 
to but a few hundred major cycles during its service life, a 
pulsating fatigue test of 100,000 cycles at or above working pres- 
sure will establish confidence that the design does not contain 
_Tegions of severe strain which could result in premature failure. 
Although a more pertinent test is desirable, none has so far been 
devised except for the high-temperature fatigue test described 
later, where operating temperature is taken into consideration. 
As long as the test pressure did not exceed the hydraulic line 
pressure available, the pulsation fatigue tests were conducted by 
This device admits water from the 
hydraulic system to the test drum and discharges the volume ex- 


means of a motorized valve. 


pansion after a certain predetermined maximum pressure has been 
reached, 

When drums with a design pressure of over 1000 psi had to be 
tested, the 1500-psi hydraulic pressure was insufficient to produce 
pulsation for 1'/: times working pressure. Hence it was decided 
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Fic. 6 Extrernat View or Drum Specimen With REINFORCED 
MANHOLE AND Various Nozze Desiens 


InsipE View SR-4 Test 
ARRANGEMENT AND 


Fic. 8 Instpe View SHowrne SR-4 Gace Test STIRLING 
BortLer Mup Drum: 
(This drum had been subjected to severe overpressure.) 


to build an apparatus that would extend the pressure range up to 


6000 psi. Gay = 


= 


JULY, 1950 


fhe energy required to pump water at the rate necessary for 
sting full-size specimens up to a pressure of 6000 psi and then re- 
ease it, amounts to about 450 hp. This not only would be a 
izable piece of apparatus but would become quite expensive for 
continuous testing in so far as power is concerned. It was there- 
fore thought economical to build a balanced apparatus in which 
only the frictional forces would- have to be overcome. This ap- 
paratus consists of two opposed plungers actuated by’ a central 
cam, as shown diagrammatically in Fig. 9. Each plunger is con- 
nected to a closed hydraulic system completely filled with water. 
In many tests two drums will be tested simultaneously, one on 
each plunger. When only one specimen is to be tested the op- 
posing piston is connected to a balance or “dummy” drum to form 
the elastic counterpart. , 
When a plunger is pushed into the cylinder, the water in the 
system is compressed up to the end of the stroke, and on the re- 


CAM RPM-I7 
PLUNGER DIA 6-STROKE 243 


3.9 DitaGRaM Cam AND ROLLER MecHANISM OF PUL- 
SATOR 


turn stroke the plunger is forced outward by the elastic action of 
the compressed water. Disregarding friction, the work done by 
forcing the piston in is equal to the work deljvered when it is 
pushed out. By opposing two plungers and actuating them with a 
suitable cam, the actual energy input can be reduced to frictional 


* losses only. The shape of the cam, however, has to be designed 


so that the torque required by the ingoing plunger is equal to the 
torque delivered by-the outgoing plunger. 
Referring to Fig. 9, the shape of the cam must satisfy the follow- 
ing relationship 
F, x N, => F, N, 
where 
= resultant of P and Q 
radius on which F gperates 
proportional to plunger travel 


vertical reaction on crossheads at 


Although there is a theoretical solution for the shape of the cam 
when the stroke and the diameter of the roller are known, the 
ape had to be approximated with four sections of circles to 
oid making the machining of the cam too costly. A torqué 
alysis of the final shape shows that the simultaneous torque 
curves very nearly overlap one another, see Fig. 10. : 
The apparatus was equipped ‘with a 75-hp motor. Only a 
fraction of this power has been necessary to drive it. The cyclic 
speed is about 17 pulsations per min for each plunger. Plungers 


are 6 in. diam and have 24°/s in. stroke, providing a displacement . 


of 687 cu in. | 
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In order to avoid injury to operating personnel, test drums have 
been protected by heavy blasting mats made of */,-in-diam steel 
cables. 

The heaviest vessel tested on this apparatus is that shown in 
Fig. 11, having an inside diameter of 46 in. and shell thicknesses of 
3°/;, and 45/,in. The maximum testing pressure used to date is 
1'/, times the working pressure of the specimens, or 3750 psi. The 
compressibility of water for room-temperature operation (100 F) 
is shown in Fig. 12. For large-size high-pressure specimens, the 
volume expansion still is several times the tota] displacement of 
the pulsator plunger. It is therefore necessary to displace the 
major part of the water volume in the specimen drum by a much 
less compressible solid. In the beginning pig iron was used for 
this purpose but when even this became a critical material during 
the war, it was found that dense paving brick made an excellent 
substitute. 

The elastic displacement during a pressure cycle is due, for the 
major part, to the compressibility of the water and to a lesser de- 
gree is a result of the dilation of the vessel under the action of in- 
ternal pressure. These values can be calculated from known 
equations as long as the physical constants of the material are 
known. 

In most tests the pulsator was operated only during working 
hours, with rest periods at night and over week ends. One run 
would consist of 100,000 cycles, after which the specimen drum 
was carefully inspected, visually and with magnetic-particle 
technique. The first run is usually conducted at working pressure, 
others at higher pressure up to 1.5 times working pressure. 

In so far as boiler service is concerned, the first run would dem- 
onstrate that, from the point of view of cyclic loading, the drum 
is good for many times its natural service life. The second and 
third run are superimposed to obtain additional information as to 
its margin of strength and its ability to withstand considerable 
overpressure on infrequent occasions. 

It is realized that the stepwise increase in cycle pressure will re- 
sult in somewhat better fatigue life than would be obtained on a 
straight run. This procedure was followed only as a matter of 
economy in testing time. If the cycle pressure is chosen too low, s 
test to failure would last indefinitely at the slow speed of 17 rpm, 
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and if chosen too high the number of cycles to failure might be so 
few that the test could be considered insignificant and not justify 
the high cost of the specimen. The extra number of cycles that 
may have been obtained from the “coaxing”’ effect can easily be 
discounted in the large margin of fatigue life obtained on a prop- 
erly designed vessel. Failures like those shown in Fig. 13 bring 
out stress-concentration points at which design improvements are 
required. 

The pulsation test on all important specimens is preceded by an 
experimental stress analysis, as shown in Fig. 14. Lately the ex- 
perimental stress analysis in turn has been preceded by a brittle- 
lacquer test cycle to determine points of maximum stress, and to 
indicate the best location for the SR-4 gages for measuring maxi- 


mum stresses. 7° 


‘ 
Cycie Test 


When observing a vessel that is being subjec' ted to fairly rapid 


cycles of pulsating pressure, there appears to be a difference in 
response to this type of cycle compared to bringing the pressure up 
to the maximum and then holding it there. In heavy vessels, 
a time factor or a brief period of readjustment seems to enter. 
This is particularly noticeable when the drum contains a multi- 
plicity of closely spaced expanded tubes. 

In testing the specimen drum shown in Fig. 15, this observa- 
tion led to a change in the pressure cycle. For this specimen, 
which six 4'/,-in-diam, four 3'/,-in-diam, twenty 
2-in-diam, and ninety-four 1l-in-diam tube holes, the pressure 
cycle was as follows: 


contained 


After opening the hydraulic valve, the pressure was allowed to 
rise to the maximum test pressure, was kept there for 2'/. minutes, 
and then released by opening the discharge. After 2'/, minutes at 
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Fic. 14 Oursipe View or Specimen 
ine PusHout DoWNcoMER CONNECTION ON NEAR Heap 
zero pressure, the cycle was repeated. This cycle seemed to be 
more severe than the continuous cycle without rest periods. At 
1'/, times working pressure, several leaks were developed on the 
expanded tube seats. This was particularly true on the small- 
diameter tubes and provided an opportunity to improve the 
method of expanding this size tube. Fig. 16 is an inside view of 
the tube ligaments. 


HicH-TeMPERATURE Faticue Test 

All the tests described were conducted at room temperature. 
Under actual service conditions, however, the meta! of the drum is 
exposed to saturated steam and water. It was therefore desira- 
ble to investigate the effect of temperature as well as the contact 
with steam and boiler water. An apparatus to perform a pulsat- 
ing fatigue test under simulated service conditions was designed 
to investigate this phase. . 

Although this apparatus went through a few. evolutionary 
stages, only the final arrangement will be considered here. The 
test was performed on scale models, since compressibility of high- 


specimens is beyond the scope of practical possibilities. Com- 
pressibility values for water at elevated temperatures are given in 
Fig. 12. 
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temperature water is such that plunger displacement for full-size 
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Fic. 16 Instpe View or Test Setup on Tuse LiGAMeNTS 

A diagrammatic arrangement of the test apparatus is shown in 
Fig. 17. Since the hydraulic pulsations were provided by a high- 
pressure triplex pump, only three specimens or pairs of specimens 
could be tested at any one time. The inlet and discharge valves 
were removed from the pump so that the plungers only pulsated 
the water without actual pumping action. 

The specimens were placed in a 24-in. ID X 5-ft-long steam 
drum which was operated at’a pressure of 2000 to 2500 psi. . The 
location of the specimens was such that approximately ‘one half 
was above the water line and the other below it. The water in the 
drum was representative ‘of average boiler-water’ conditions, 
namely, a pH of 10.5-11, a NaSO, to NaCl ratio of 3 to 1, and a 
total solids concentration of 1500-2000 ppm. 

The inside of each specimen is connected to one of the three 
plunger bodies of the triplex pump. The maximum pressure 
of the fatigue cycle was 7500 psi so that the pressure difference be- 
tween inside and outside of the specimens was 5000 psi. In 


parallel with the specimens in the steam drum, three similar” 


upotl 


toge 
a 
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}| this water, the dilation of circuit and specimens, and the plunger 
displacement. 

At the operating temperature of the hot specimens, the com- 
pressibility of the water is so great that a large percentage of the | 
space in the specimen has to be displaced by a solid metal core. 2 

This core was made of such size that the maximum cycle pres- 
sure would rise above that necessary for this test. Some addi- 7 
tional water volume was then provided on the outside of the 
steam drum by connecting to each circuit a high-pressure buffer 
vessel somewhat smaller than the specimen itself. By regulating | 
the temperature in the buffer vessels, the compressibility of the — 
water contained in them could be varied at will, and thus the 
over-all compressibility of the circuit controlled. 


OPERATION 


1 Oy, oe eae Great care has to be exercised in the operation of this test ap- 


A-FROM ZEOLITE TANKS F-PREHEATER HEADER M-PRESSURE CONTROLLER yaratus. When starti » steam drum and : arts of the 
paratus. hen starting, the steam drum and all parts of the 


ee G-RELIEF VALVE SET Side THK pulsing circuits containing high-temperature water have to be 
D-1-A 387 CALROD AT 3 P54 P- 24i0e1% THK brought up to full temperature to insure maximum compressi- 
H-RECEIVING FUNNEL 
IMMERSION HEATER J-ZEOLITE WATER R- PRESSURE GAGES 
E- DEAERATOR TANK rie S- PLUNGER BLOCKS bility. The by-pass valves in the small lines short-circuiting be- 
S T 
L-SAFETY VALVES oF Len ee tween the three plunger blocks are opened, after which the pump 
Fie. 17) DiaGrRamMMatic ARRANGEMENT or HiGH-TEMPERATURE uted While watching the maximum the pre 
FatTicue-Test APPARATUS sure indicators, the by-pass valves are closed gradually. After the 
: by-pass valves are closed, and the pulsing circuits are on their 
. ; . own, the cycle pressure is brought up to the maximum desired 
specimens were tested simultaneously under exactly the same : 
pressure by reducing the temperature of the buffer vessels. 
Considerable trouble was experienced due to leakage of high- 
pressure valves, particularly check valves and high-pressure relief 
valves. These troubles were gradually overcome by proper de- 
sign, and operation settled down to a watchful routine. 
The speed of the pump is only about 17 rpm so that testing — 
proceeds at rather a slow pace. 


conditions, except that their temperature was maintained at room 
temperature. They were paired with the three specimens in the 
steam drum on the same pulsing circuit and placed in individual 
headers. These headers were connected directly with steam drum 
so that the cold specimens were subjected to the same boiler water 
as those located in the steam drum. 

Leakage from the plunger packing is made up from the steam 
drum through three cooled make-up connections. They are pro- Resutts oF Faticugs Tests 
vided with a check valve, allowing water to flow from the drum to 
each of the pulsing circuits. This arrangement provides that the 
pressure in the pulsing circuits can never fall below the steam- 
drum pressure, thereby preventing flashing of the water in the hot 


Full-Size Specimens. Quite a large number of pressure vessels 
have been tested by the authors’ company using techniques 
- similar to those described. Some of the early tests were reported 
by Prof. H. F. Moore. The work reported was continued to in- 


specimens, 
F clude various drum designs with and without tube holes, Later 


Specimens were 6 in. 1D and */,in. thick with heavy hemispheri- 
cal ends-and about 24 in. long on the straight cylindrical part, as 
shown in Fig. 18. The cylindrical sections were made of regul:r 
1'/-in-thick boiler plate bent to a semicylindrical shape, welded 
together, and then machined inside and out. ; 


tests included banded vessels as well as many pressure vessels 
covering the range of thicknesses from '/: in. to 45/sin. Details of 
several of these test vessels and the results will be included here. 
Stirling Boiler Mud Drum. This drum had been rejected be- 
cause of laminated plate which caused difficulties in producing a 
-  Pressure-Cycite Controu satisfactory weld. It was made of SA-212 plate but no detailed 


physical data are available on the material. The design pressure 
was 200 psi for the completed drum with tube holes. It was 
tested before any tube holes had been drilled and therefore a pres- 
sure of 700 psi was used. Previous pressures up to 850 psi in pre- 
liminary testing had resulted in an amount of plastic yielding on 
the head which changed the manhead shape to one which approxi- 
mated a cone instead of the original dished shape. This drum 
underwent 100,000 cycles of pressure at 700 psi, which corre- 
sponded to an average stress range in the shell of 15,700 psi. A 
‘later strain-gage test on the head indicated that there were loca- 
tions hating a stress range of 77,000 psi at this pressure. Not- 
withstanding the high stresses, this drum showed no failure after 

the test. 

Test Drum, Fig. 15. The test drum, shown in Figs. 15 and 16, 
_ was also made of SA-212 plate and included a total number of 
_ 124 expanded tube nipples ranging from 1 in. diam up to 4!/,-in. 
diam. This drum was designed for a pressure of 980 psi at a stress 
Of 22,500 psi in the shell proper. The drum was given 100,000 


The maximum pressure reached in the pulsing circuit depends 
upon the total water content’of the ‘circuit, the temperature of 


7M 5 Tests of the Resistance to Repeated Pressure of Forged Riveted 
and Welded Boiler Shells,’ by H. F. Moore, Trans. ASME, vol. 53. | 


(One-tenth scale model.) 1931, pp. 55-60. 
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cycles at 2078 psi pressure and 1400-slow cycles at 1470 psi pres- 
sure as described previously. Strain-gage tests have indicated 


stresses at various locations, as given in Table 1. 


TABLE 1 STRESSES IN TEST DRUM, FIG. 15 


Stresses, psi 
‘i Pressure, Tube 
Cycles ‘psi ligaments Manhead Blank head 
4 23600 39400 35600 
100000 1078" 26000 43300 39200 
1400 1470 34500 57500 51700° ns 


The results of this iii test were leaks at some of the tube 
seats, This development resulted in changes in tube-expanding 
methods which will not be discussed here. There were no indi- 
cations of incipient failure in any of the other locations, such 
as the shell proper or in ‘the head knuckles. 

Drum With paps gy Faulty Welds. For another vessel a 
piece of rimmed steel, SA-70 plate, having laminations and non- 
metallic inclusions, was aia for the shell and the blank head. 
The manhead was SA-212 plate. The thicknesses of shell, 
blank head, and manhead were !/2 in., °/s in. and !%/j¢ in., 
respectively. This test was conducted to determine the effect 
of welding defects on the fatigue life of a vessel and both sub- 

" merged-are welding and automatic multipass welding were used. 
The final failure was in a highly stressed section of the manhead 
knuckle, although incipient cracks also appeared in the defective 
longitudinal weld seam. The conditions of failure are described 
in greater detail in the companion paper by Carpenter.‘ The 
physical. properties and chemistry of some of the parts of this 
drum are given in Table 2. ; 


TABLE 2 PROPERTIES OF PARTS OF TEST DRUM 


Blank head Shell Manhead Manhead 
Mitt Reports 0.505 in. (AFTER TEST) 
Tensile, psi....... 56700 56600 79900 82900 
Yield point, psi... 36900 37200 42400. "43300 
Elongation, percent 32.5 32.0 30.7 28.8 


CHEMISTRY, PER CENT 


0.015 0.015 
ae 0.040 0.040 


The stresses and cycles in the shell proper are given in the 
following tabulation, but due to stress concentration, the inside of 
the knuckle of the head has probable stresses as a as as 35,000 psi. 
The series of cycles follows: 


100000 cycles at 560 psi pressure 13750 hoop stress 
100000 cycles at 615 psi pressure 15000 hoop stress 
161000 cycles at 840 psi pressure 20600 hoop stress 


Even under these adverse conditions the vessel withstood 
a number of pressure cycles far beyond actual service require- 
ments both in number and magnitude. 

High-Pressure Drum. This drum, shown in Fig. 11, was de- 
signed for a working pressure of 2500 psi, and tested at pres- 


sures up to 3750 psi. The average ligament stress in the upper’ 


shell was 23,585 psi calculated in accordance with the 1943 
ASME Codes. This drum was made of SA-212 steel with the 
physical properties given in Table 3. 


TABLE 3 PHYSICAL PROPERTIES OF TEST DRUM 


Upper shell “Lower shell 
36750 37500 
Elongation in 2 in. , ber cent, hes 35 33 
Reduction of area in 2 in., per eS hats 56 55.7 
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The first point of stress concentration located was a failure in 
the sharp corner of the manhole-cover seat shown in Fig. 13. 
This occurred after 100,000 cycles at 2500 psi pressure and 
57,240 additional cycles at 3000 psi pressure. This point in 
the original construction was improved by a change in design. 
During the pulsating fatigue test this drum was subjected to the 
series of pulsations given in Table 4 . 
* TABLE 4 PULSATIONS ON TEST DRUM 

Calculated Maximum stress 


average range 
Pressure ligament in 
. ° Cycles psi stress, psi tube hole, psi 
at working pressure 2500 23585 41800 test 
VP 
100000 at 1.2 WP........... 3000 28300 512002 
at 1.4 WP... 3500 33000 597302 
3750 35380 65500 test 


eV, alues calculated from the av erage measured stress-concentration factor 
for this location of 1.81 


The test was terminated after the cycles indicated, owing to 
a fatigue failure which resulted in a leak at a -welded-tube stub 
in the upper shell. This was a radial crack starting at the in- 
side of the tube hole on the longitudinal center line. Further 
inspection revealed 13 such failures im the upper shell tube sheet. 
The test was dismantled and metallurgical inspection of these 
failures will be made. 

Model Tests. In the high-temperature fatigue tests, 15 speci- 
mens were tested, 9 of which were of the type shown in Fig. 18, 
and will be reported here. Of the latter, 4 were tested at room 
temperature and 5 in direct comparison in. the steam drum at 
2000-psi saturated-steam and water atmosphere. All failures 
occurred in the weld or wetd-affected zone, and all of them were 


in a longitudinal direction, i.e, transverse to thé maximum 


stress. The test data are given in Table 5, and are plotted on 
logarithmic co-ordinates in Fig. 19. As a means of comparison 
an S-N curve for full-size welded specimens is also shown. The 
stress range of the cycle is not exactly alike, however, since the 
latter specimens were tested from zero to a maximum tension, 
and the model specimens were tested from a hydraulic compres- 
sive stress of the steam-drum atmosphere of 2000 psi to a 
maximum biaxial cylinder stress resulting from internal pres- 
sure. 
" This comparison brings out the followi ing: 


1 The test results of the cylindrical specimens are lower than 
those of the flat-plate specimens. 

2 In the scatter band there is no aiid preference bé- 
tween the points of the hot specimens and the cold specimens. 
There is apparently no significant change ‘in the endurance 
limit resulting from the high-temperature, steam-drum environ- 
ment. 

CONCLUSION 

The foregoing testing techniques are the outgrowth of many 
years of pressure-vessel development work. They do not in 
every case result in data leading to absolute conclusions but are, 
rather, several approaches to the problem of reducing the wide 
margin’ for wacenige factors in this field of engineering. By 
measuring stresses, by subjecting both model and full-size speci- 
mens to static as well as cyclic loading, and at room tempera- 
ture as well as under simulated service conditions, the back- 
ground of knowledge has been extended. The results attained 
are as follows: 


1 A reliable method of measuring stress on the inside surface 
of heavy vessels under high internal pressure has been developed. 


¢ Bulletin no. 27, University of Illinois, Engineering Experiment 
Station. 


10.0 


This 
2 
gage 
suital 
and si 
3 
drauli 
emplo 
4 
full-sc 
sure 0 

5 
of sat 
ture h 
detern 
room-' 


As t 
under 
contril 
design 
view. 


¢ 
| 
| 
‘ 
100, 
80¢ 
60° 
$0. 
400 
30,0 
. 
0.28 
0.69 
0.012 
0.02700 
> 


KOOISTRA, BLASER—EXPERIMENTAL TECHNIQUE IN PRESSURE-VESSEL TESTING 


TABLE 5 


Yield 
point, 
psi 


43390 


Tensile 
strength, 
psi 
77090 


Specimen description 
Series A X made of 
bent #/s-in. plate, 
not polished, welds 
ground flush (hot) 77090 


77090 


43390 
43390 


Series D © specimens 
made of bent */s-in- to to 
thick plate, medium 74600 48700 
polish inside and out- 
side (hot) 3 


70000 40600 


Series F ©; hot speci- 
men made of SA-212 
plate, machine in- 
side and outside (see 


Fig. 18) 52160¢ 


Series G ©); room 
temperature, speci- 
mens same as Series 
F 


4609U¢ 


Weld metal.... 

equa! 

Electrode designation: 
electrode. 


» All failures were longitudinal cracks; 
chanical weld defects. 


Weld Stress 
metal? relief 


A 


DATA ON CYLINDRICAL MODELS IN HIGH-PRESSURE STEAM-AND-WATER 
ATMOSPHERE 


Average 
hoop Number 
stress, of 
psi cycles 
38000 49267 


Location of 
failure> 
1 in. from longitudinal 
weld seam and paral- 
lel 
Junction of long and — 
girth weld 
Longitudinal 
seam 
Edge of longitudinal 
weld seam 


No 


43000 
41700 


34289 
“31360 


269000 


weld 


31700 


32800 
34500 


340000 
76000 


Girth weld seams 
Longitudinal weld 
seam 
Longitudinal 
steam space 
Longitudinal weld 
steam space 
Longitudinal weld 
steam space 
Longitudinal 
steam space 
Longitudinal 
water space 
54942 Longitudinal weld 
219611 Longitudinal weld 
247958 Longitudina! weld 
268550 Longitudinal weld 


35000 
35000 
33600 
34000 
33200 


105212 
192085 
306018 
186221 


weld 


weld 


242123 weld 
33700 
35200 
34400 
33600 


79990 - test plate longitudinal and transverse are approximately 


A, Carbon-moly coated electrode (0.33 C, 0.5 Mo); B, 25 Cr 20 Ni coated 


i.e., transverse to the maximum stress, starting at small me- 


© These physical properties were determined on one hot and one cold sp°cimen after test. 


FUL SIZE PLATE 

1\ SPECIMENS [UNIV OF __ 

#327,PG 25) 


ILLINOIS, BULL 
“to 


3 


NUMBER OF CYCLES TO FAILURE 


Fic. 19 Some Resuits on Specimens SuBsect To 
Cyrciic PULSATION 

Specimens in series A of Table 1 

Speciftiens in series D of Table 1 

Specimens in series F of Table 1 

Specimens in series G of Table 1 


This work resulted in the use of oil as a pressurizing medium. 
2 A simple and reliable device for bringing a multiplicity of 


gage wires through the wall of a pressure vessel in a manner’ 


suitable for accurate strain-gage measurements was designed 
and successfully used. 

3 A method has been developed to isolate the effect of hy- 
draulic pressure on SR-4 gages and to calibrate them in a setup 
employing an inside “dummy.”’ 

4 An apparatus has béen designed and built for pulsating 
full-scale pressure vessels economically up to a maximum pres- 
sure of 6000 psi at room temperature. 

5 A method of pulsating model vessels in an atmosphere 
of saturated steam and water at elevated pressure and tempera- 
ture has been built and operated, and a limited check made to 
determine the effect of such an environment compared to that of 
room-temperature water. 


As the problem of pressure-vessel design at the present time is 
under intensive investigation, it is hoped that this work will 
contribute in some small measure to developing the optimum 
design from an economic, engineering, and service point of 


view. 


Discussion 
Henry LiessenperG.? The authors stated that in applying 
the slow cycle test, which had proved more severe than the first 
pulsation test, leaks developed on the expanded tube ends, 
particularly on the small-size tubes. It would be helpful if the 
authors would state whether tube expansion was controlled by 
the elongation method, or what other method for control in ex- 
panding was applied; also the amount of expanding before test 
and additional amount of rerolling required to eliminate leakage. 

The authors are to be congratulated on the brilliant conception 
of their high-temperature fatigue test, even if small models had to 
be used. It is interesting that the test indicated practically no 
différence in number of cycles between hot and cold specimens. 
It is the writer's belief that if the shell is exposed to furnace gas, 
which is of much higher temperature than the inside water tem- 
perature as used in model test, different results would be encoun- 
tered. To conduct such a test would require considerable ex- 
penditure. It would be helpful if the authors would state to what 
percentage failures occurred between longitudinal and circum- 
ferential welds, or if all failures occurred in longitudinal weldsonly, 
as well as type of failures. Did any failures occur in the attach- 
ment weld of the tube nipples? 

The statement that endurance-limit tests on cylindrical speci- 
mens are considerably lower than on flat-plate specimens is in 
agreement with previous conclusions, i.e., that in a curved 
plate, as used in drums, initial residual stresses due to rolling, 
pressing, or forming are never fully eliminated by annealing. 

Were microphotographs taken of weld and adjacent plate be- 
fore test and after failure to indicate possible change in grain 
structure under fatigue test? If so, will the authors supply such 
photographs for study? 


. 


H. L. O’Brren* ann E. Werrerstrom” The discussion 


7 Combustion Engineering-Superheater, Inc., New York, N. Y. 
5 Research Engineer, Graver Tank and Manufacturing Company, 
East Chicago, Ind. Jun. ASME. 


* Graver Research Fellow, Purdue University, Lafayette, Ind. 
Mem. ASME 
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must be made when the SR-4 electrical resistance strain gage is €- EF {'-ep) 

utilized under certain conditions of loading. ‘os (COMPRESSION) 
The nomenclature resorted to in this development is as follows: : 


gages 
Fa 


tésts 


which follows has a twofold purpose: Primarily, the mathematical : 
development of experimental techniques for analyzing biaxial- : sa 
stress conditions is directed toward the end of illustrating that the ; diffic 
authors’ assumptions are accurate within the limits of their test.” any | 
Nevertheless, it is to be pointed out that appropriate corrections ; Th 


Fis. Dummy Gace Biock Sussect_to Pressure’ From Att 


&, €2 = strain as read, in./in. DIRECTIONS 


ment, 
€0, €1, = actual strain, in./in. 


P = hydrostatic pressure, psi €-€, durin 
modulus of elasticity, psi €*€- p) the B 
Poisson’s ratio ‘ ing th 

The 


combi 


= stress, psi 


The basic equation of bidxial stress 
ample 
else ti 
Hig 
tests | 
ning. 
in or! 
fessor 


From this relationship it is apparent that the stress in any 

direction can be determined if the strain in that direction and the 
strain at 90 deg are known. When these strains are being evalu- 21) Active Gace to Pressure From ONE Direction 

ated by an SR-4 strain-gage circuit, there is no assurance that the ‘ "ONLY ‘ 

strains are correct ‘‘as read,’’ owing to the difference in loading : 

the active gage and the dummy gage. The former is subjected Clearing Equation [5] results in a stress relation 

to pressure in one direction only; whereas the dummy gage is : E noe p 7 : We 

under pressure from all sides. These conditions are illustrated — - (1 

in Figs. 20 and 21, herewith, along with the co-ordinate system. us E : 
Writing the equation for strain in the stressed body, we obtain 


nique 


many 
A more useful form of Equation [6] ma‘y be expressed when each _ answe 
side of the equation is divided by P mittec 
metho 
(4 + ae) — ; 
POL — yt) ball d 
amour 
As to 
(és pe, ) — rerollii 


sary. 


A solution to simultaneous Equations [1] and [2] is obtained - a 
by multiplying Equation [3] through by u and adding : P(1 — yu?) 
«luring 
Exp 
undou 


The ratio S/P: D/t illustrates that thick-wall evlindess have a 
low S/P value. For this reason the constant ‘“1’’ becomes in- 
creasingly significant as the shell thickness increases. 

Example: A cylinder of 46 in. ID is 4in. thick. The theoretical 
Lamé stress at 2000 psi internal pressure is 24,100 psi. The corre- 

- - sponding S/P ratio is approximately 12units. If this same stress 
— (py + py?) : is determined experimentally by using the SR-4 strain-gage read- 
E ings in Equation [1] of this discussion, the ratio of S/P will be 


becom 
Our p 
with } 
boiler 
quate 
compl 
. 13 units; the discrepancy is accounted for only when Equation added 
(1 —p*) = (a + we) — : {8] is utilized. An error of '/;; = 7.7 per cent is encountered in 


note ( 
the use of Equation {1}. 


resulti 
Introducing the argument = — eo Equation [4] may be re- If the G-E m: 7 

written as . L.P. Zick. 1e G-E magnetic gage were substituved for and k 
the DeForest scratch gage, the history described could very directi 
easily pass as a description of our own early activities in this field. Am 
The SR-4 strain gages and equipment now dominate our work. 
However, our techniques and methods and those of the authors’ 


only oO 


(1 — uw?) = — eo + — : (u + 
that t 
; such ¢ 
+ company have taken quite different paths, the chief difference failure 
aac sa * beirig that we have used water (with all its troubles), as the pres- micro} 

sure medium because of the size and the corresponding lower test fe 

pressures of the vessels tested.!? 

P P Experimental Stress Analysis. The method of -keeping the be ples 

uw?) = & + we E (1 — 2u)(14+ ») — (u + Mes 


4 4 ™ Research Engineer, Chicago Bridge & Iron Company, Chicago, factor 


Substituting « = (P/E)(1 — 2u) we obtain of this 


“Strain Gage Survey Around the Supports of a 48-Foot Diameter the eff 
10 Theory of “Elasticity,”’ by S. Timoshenko, McGraw-Hill Book Hortonsphere,” by L. P. Zick and C.,E. Carlson, Proceedings of the This 
% Company, Inc., New York, N. Y., 1934, p. 162. at | Society for Experimental Stress Analysis, vol. VI, no. II, pp. 41-60. Of firs 

which 


— 
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liquid level below the gage locations should surely save some 
difficulties. However, one word of caution—if separate leads of 
any length are used they, too, should remain above the liquid. 

The cantilever bar tests showing the reliability of the strain 
gages under very high pressures is certainly encouraging. 

Fatigue Testing. The method and test ranges for the fatigue 
tésts gain additional merit in that the authors realize that the 
values of the various ranges vary. On the other hand, the state- 
ment, “After the initial proof test of 1'/, or 2 times working pres- 
sure there will be no further plastic deformation in the vessel 
during its entire service life,” rightly or wrongly, seems to ignore 
the Bauschinger effect and strain-aging. The observations dur- 
ing the slow-cycle testing also seem contrary to this statement. 
* The use of double balanced plungers with the activating cam 
combined with the use of noncompressible ballast is an ideal ex- 
ample of a method revelation which will probably save someone 
else time, trouble, and expense. a 

High-Temperature Fatigue Test. The high-temperature fatigue 
tests are very interesting and have required considerable plan- 
ning. The statement that all the specimens to date have failed 
in or near the weld does not agree with the results found by Pro- 
fessor Wilson. Has the possibility of a difference in welding tech- 
nique been studied as a source of reduced fatigue strength? 

Avutuors’ CLOSURE 

We greatly appreciate the favorable comments of many engi- 
neers and acknowledge that our techniques may not apply in 
We will attempt to 
answer some of the detailed questions which have been sub- 


many applications which we did not cover. 


mitted. 

Mr. Liessenberg has asked for details on the tube-expansion 
method. Most of these tubes, especially the small size, were 
ball drift-expanded and, since the ball has a specific size, the 
amount of expansion does not need control by additional means. 
As to the amount of expansion before test and any additional 
rerolling, it is true that some repetition of expanding was neces- 
sary. In fact, the complete set of smaller tubes was replaced 
«luring tests of various tube seat designs. 

Exposure of the high-temperature specimens to hot gases 
undoubtedly would have an effect on the results, but this effect 
becomes of real importance only on the heavier walled vessels. 
Our particular interests were in applications where this contact 
with hot gases is not present, since most of our high-pressure 
boiler drums are either outside the furnace proper or have ade- 
quate protection against the hot gases. In order to give a more 
complete record on the high-temperature tests, Table 5 was 
added to the final paper. The last column in this table and 
note (b) show that all of the failures were longitudinal cracks 
resulting from circumferential stresses. Out of fifteen failures, 
only one was at a girth seam, and one at the junction of a girth 
and longitudinal seam, but even these were in a longitudinal 
direction. 

A metallurgical investigation of some of the failures indicated 
that they were initiated at minute, mechanical, weld defects, 
such as entrapped slag or small gas pockets. There were no 
We regret that no 
microphotographs of the weld and plate were taken before the 
Such photographs 


failures in the tube-nipple connection welds. 


test for the comparison of grain structure. 
of this location after failure are available, however, and we will 
be pleased to supply them for study. 

Messrs. O'Brien and Wetterstrom have contributed a satis- 
factory algebraié combination of the strain-gage cerrection and 
the effect of pressure radial to the inside surface. 

This combined formula is not applicable in at least two cases. 
Of first importance in this is the study of the actual unit strains 
which are present with relation to yield points, plastic flow, and 


Another case is where an external dummy 
gage must be used with inside gages. In the latter case the 
radial pressure inside must still be evaluated without the 
“dummy” block correction. In studying true-strain values, 
the dummy strain correction alone must be made since the 
effect of radial pressure at the test location is part of the study 
For the tests in which they are applicable, the formulas of Mr. 
O’Brien and Mr. Wetterstrom give the same stress result as our 
procedure. However, we believe it is highly desirable to con- 
sider stresses in a three-dimensional system and not to confuse 
Our interpretation is then as 


residual stresses. 


corrections with actual stresses. 
follows: 


1 The compression of the inside dummy gage block due to 
pressure results in a false strain reading for the test gage. This 
is, therefore, a true correction which must be made, and the value 
for this “apparent strain e,”’ was given in the original paper. 

2 The effect of pressure on the test location is not a correction 
but a true stress which must be included in the triaxial stress 
system, This evaluation must then be made by use of the basic 


strain equation as follows: 


: S S S;) 
in which S; becomes the pressure. This should not be interpreted 
as a correction, but is a true existing stress radial to the surface. 

3 Our usual approach then is to make the strain correction, 
caused by the dummy compression, on all the strain readings in 
inside gages. This is a true correction, similar to those made for 
gage factor resistances outside the instrument range, temperature 
differences, etc. The pressure is then evaluated as an existing 
stress in a three-dimensional system. 

We agree that for the particular purpose of plotting the S/P 
ratio for inside gages, as is done in some of the PVRC projects, 
for example, the formula proposed by Messrs. O’Brien and 
Wetterstrom is a useful short cut. It must be used with con- 
siderable caution, however, in the applications described above. 

Mr. Zick cautioned about keeping the leads out of the water, 
which we agree is necessary. In the case of the vertical vessel, 
the leads were definitely kept above the water. The drum in 
Fig. l°‘of the paper was provided with a gage glass at a location 
that made it possible to observe the water level if it should rise 
above a maximum allowable level. , 

Concerning the Bauschinger effect, we believe that a properly 
designed pressure vessel would not have stress ranges equal to 
the range between tension and compression yield points. We 
believe any strain-aging effect will be insignificant because of 
insufficient deformation occurring in the pressure vessel. 

The particular application of the slow cycles and the time ele- 
ment required involved expanded tubes where there was rela- 
tive motion between surfaces held together primarily by frie- 
tion. We believe it is more important in this study than in the 
major part of the pressure vessel. The statement regarding the 
behavior of a vessel after the initial proof test only appeared in 
the first draft and after due consideration was deleted, but not 
in time to correct the preprints. 

Mr. Zick also mentions that the fatigue data do not agree with 
those obtained by Professor Wilson and asks whether differences 
in technique can be the answer, 

This is quite likely since the weld deposit and basic weld rod 
may be considerably different from the tensile plate investiga- 
An additional effect of a difference in 
Other differences of course in- 


tions of Professor Wilson. 
environment is also a possibility. 
clude the biaxial stress condition in the cylindrical specimens as 
well as size effect and speed of testing. 
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T. T. OMORE: 


A theoretical study of heat transfer toa sphere suspended 
in cold air and suddenly exposed to radiation from a 
high-temperature source indicated an effect of air pressure 
which had not been disclosed by previous theoretical 
studies relating to the ignition of pulverized coal in air 
suspension. Experimental investigation, in the absence 
of an extended flame so that the source of radiant heat 
could be independently contrelled, showed an adverse 
effect of elevated pressures upon completeness of com- 
bustion which was much larger than a beneficial effect 
of increased partial pressures of oxygen. It appeared that 
increased pressure, through a lower initial heating rate, 
produced less reactive combustion residues which lost 
ignition before combustion was complete. Complete 
combustion could be obtained only by increasing the radi- 
ant intensity responsible for ignition. 


INTRODUCTION 


ITH the appearance of the gas turbine as an economical 

prime mover, considerable interest has been aroused in 

the combustion of fuels under pressure. Experience 
with gas turbines has shown that liquid fuels can be burned under 
pressure with good efficiency at extremely high burning rates in 
terms of heat release per unit volume. While pulverized coal can 
also be burned in such units at very high combustion rates, at 
least as compared to steam boiler practice (1),‘ it has appeared 
more difficult to avoid high combustible losses in the fly ash. It 
might seem that such losses could be reduced by the simple provi- 
sion of more combustion space. However, it will appear that 
added space will not improve combustion unless proper attention 
is given to flame conditions. 

A study of the ignition and combustion of individual particles 
of pulverized coal under atmospheric pressure (2) showed that 
the temperature responsible for ignition, presumably through its 
effect upon the initial heating rate of the fuel as it entered the 
furnace, had a marked effect upon the ability of residual particles 
to maintain ignition. Maintenance of ignition was found to be 
dependent upon the ability, of the burning particles to maintain 
sufficiently high temperatures, certainly higher than 1000 and 
possibly on the order of 2000 C. Accordingly, except possibly in 
hot slagging furnaces, burning residues must maintain tempera- 
tures considerably above those of their surroundings if good 


! Abstract from a thesis by T. T. Omori,in partial fulfillment of 
the requirements for the degree of Doctor of Science in Chemical 
Engineering at Carnegie Institute of Technology. 
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of the Society. Manuscript received at ASME Headquarters Janu- 
ary 9, 1950. Paper No. 49—A-72. 
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combustion of such particles is to be maintained as they move out 
of the flame into cooler parts of the furnace. 

Since subsequent loss of ignition appears somehow related to 
the conditions under which ignition occurs, the various theoretical 
studies of the ignition of pulverized coal are of particular interest. 
These studies involve the calculation of the temperature history, 
prior to ignition, of a particle suspended in air and suddenly ex- 
posed to a high-temperature source of radiant heat. 

Nusselt (3) calculated theoretical ignition times of various fuels 
on the assumption that a spherical particle received heat by radia- 
tion from the furnace walls and lost heat by conduction into the 
particle and into surrounding gases. However, some of the basic 
assumptions made were of doubtful validity. An infinite thermal 
conductivity of the particle, a simplifying assumption facilitating 
solution, was implied though not explicitly stated. Further, the 
heating of a particle to its ignition temperature is a transient 
phenomenon; the assumption of a steady-state heat-transfer co- 
efficient between particle and surrounding gas is subject to ques- 
tion. Nusselt gave his heat flow equation in the form 


dt, 
(4/3) ra*pc = oo | (7) (3) ] 4ra? — 4rak(t, — to) 


(1] 

where 
particle radius 
specific heat per unit weight of particle 
radiation constant 
radiation-angle factor 
particle temperature, deg C (7, deg K) 
radiation temperature of furnace walls, deg C (7, deg K) 
temperature of air and of particle at @ equal zero; also, 

temperature of air at infinite radius ; 
thermal conductivity of air 


a 


= particle density 


time 


6 


The term to the left of the equiélity is the rate of heat absorp- 
tion, assuming infinite thermal conductivity for the particle. 
The first term on the right is the rate at which heat is received 
by the particle due to radiation from the furnace walls, while the 
second represents loss by conduction from the particle to sur- 
rounding air. The second term can be derived by assuming that 
heat flow to the surrounding air is given by the steady-state 
equation 


dt 
—dertk — = 4rak(t, — to) 
dr 


which integrates to the form 


a 
(t, —to) + to 
r 


where 
r = distance from center of sphere 
t = air temperature at distance r 


This indicates that the temperature distribution in the surround- 
ing air was assumed to be proportional to 1/r. 
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Neglecting heat loss due to back radiation, Nusselt simplified 
his original equation to 
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cpa* dt, (7: 
(4. — — => _ 
a(t, to) — goa ) (4) 


which integrates to 


t, = to 1 — 3k8/coa?) 5 
(7) (5) 


For sufficiently small times this equation may be approximated 


as 
+ 


This indicates an initial rate of temperature rise inversely pro- 
portional to the particle radius and to the heat capacity per unit 
volume of solid but independent of the thermal properties of the 
gas. 
For sufficiently large times the equation may be approximated 


goa 
(7) 


indicating final temperatures directly proportional to the particle 
radius and to the intensity of radiation, but inversely proportional 
to the thermal conductivity of the gas, a quantity which is essen- 
tially independent of pressure. 


as 


Starting with a heat-balance equation which was essentially 
the same as Nusselt’s, Traustel (4) introduced a correction for the 
effect of a finite amount of excess air. This was accomplished by 
assuming that the average air temperature to which the particle 
was losing heat could be expressed as a function of time and a 
dimensionless quantity N, the ratio of heat capacities of the 
associated quantities of air and coal. The constant term ¢..; was 
replaced by a function of @ and ¢,. Integration led to the form 


(N + 1)D? 


where 


2ade ( 
D= 
k(t, — to) \100 
264 
cpk( — 100 


(: 1\ 3ke ‘ 11) 
n= ty | 


_-- The limiting forms of Equation [8] are of particular interest. 


For sufficiently small times, such that the exponential may be 
replaced by the first two terms of its binomial. expansion, the re- 
sult is identical with that obtained for Nusselt’s equation, indicat- 


ing an initial heating raté independent of the excess amount as * 


well as of the thermal properties of the air. For sufficiently large 
times, such that the exponential may be neglected, the equation 


becomes 


= \i00) 1% (NV + 1 )epa 


With infinite excess air, this is identical with thé final limiting 
form of Nusselt’s equation, while with finite excess air it indicates 
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a final rate of temperature rise proportional to the ratio of the 
heat capacity of the coal to the heat’capacity of the coal plus the 
air. 

Traustel’s analysis involves all of Nusselt’s assumptions, both 
failing to find any dependence upon pressure if proper account 
is taken of the ratios of heat capacities. Accordingly, it would 
appear desirable to examine the heat-transfer system more rigor- 
-ously. The coal particles, suspended in relatively cold gas ini- 
tially at the same temperature as the coal, are suddenly introduced 
into a hot furnace. Heat transfer to the particle surface from the 


furnace can be assumed to be by radiation through transparent -- 


gas. Over the interesting range of surface temperatures, the 
fourth power of the absolute surface temperature can be neglected 
as compared to that of the source of radiant heat. The rate of 
heat transfer by radiation to the sarface depends only upon the 
radiation temperature and the extent and character of the particle 
surface. Under these conditions, the surface can be considered 
asa heat source of constant strength. Heat loss from the surface 
is by conduction into the particle and into the surrounding gas. . 

Though general solutions of the problem as posed have not been 
found, the solution for a spherical heat source of constant strength 
with heat diffusing both inward and outward, the two regions 
having the same thermal properties, has been given by Carslaw 
(6) 


fe r a)?r (r + ] {13} 


where Q is the strength of the spherical source (Carslaw’s gpe). 
Integration by parts followed by expansion in a power series, 

and omission of all but the leading terms leads to an approxima- 

tion Valid within 1 per cent when 


(r +a) Ipc 


< 


is less: than 


. 
and 
Q pc < 
where é is arbitrarily added as the air temperature at r = ©, 


For large times the temperature outsidé the sphere varies as 1/r 
as assumed by Nusselt. With air at 100 C and r slightly greater 
than a, the minimum time at which the expressions are valid is 


6,,.= (79.1)a2P ... [16] 


m 


where P is expressed in atmospheres, and ain centimeters, For a 
100- and 200-mesh particle, each in air at 1 atm pressure, these 
times are 0.0043 and 0.0011 second, respectively. 

Accordingly, after a few milliseconds, the inward heat flow be- 


“comes comparatively negligible and the outward flow becomes 


4aka(t 


\ ka 
Comparison wjth the assumption made by Nusselt 


shows that Nusselt underestimated the “outward heat flow by 
failing to include the factor 
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This factor applies to a system having the same thermal prop- 
erties within and without the sphere. With dissimilar materials, 
coal and air, the system may be assumed to have reached a 
quasi-steady state after a few milliseconds, and the estimate of 
outward heat flow as a function of the density and thermal 
properties of, and the temperature drop through, the air is proba- 
dly fair. Estimated corrections to be applied to Nusselt’s 
assumption are shown in Fig. 1. The corrections are st rongly 
dependent upon pressure and indicate considerably larger values 
for the smaller times where estimates are not available. - 
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These estimates have taken no account of relative velocities 
Rigorous solutions for the simultaneous 
conduction and convection problem are not available. 


between coal and air. 
An ap- 

proximate solution by Johnstone, Pigford, and Chapin (7) leads 
-to an estimate of outward heat flow 


q = 0.714 (t, — to) V kV pc 


where D, is the particle diameter and V the relative velocity, 
The rate of convective heat loss appears proportional to the 
square root of the gas density and hence proportional to 
the square root of the total pressure, 
If there is any appreciable relative velocity between the particle 
“and surrounding gas, an increase in pressure will tend to increase 
the rate of heat loss from the surface.” Owing to the dependence 
upon temperature drop, this effect starts at zero and increases 
with time. A pressure effect arising out of the transient character 
of the heat-flow system should be superimposed. Since the latter, 
as shown in Fig. 1, is greatest at the start, the combined effect 
would be a continued influence of pressure upon the rate of heat 
loss from the particle into the surrounding atmosphere. This loss 
concerns only part of dhe heat-transfer system responsible for the 
initial temperature history of the coal particle. However, it is 
only this part whieh should depend upon pressure. Any other 
dependence must arise out of mechanical action such as restraint 
of particle swelling or cenosphere.(2) formation. 
Since the solution for the heat-transfer problem, though.not 
rigorous, indicated a decreased initial heating rate with increased 
pressure and, since there was a possibility of direct mechanical 
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action, an experimental investigation of the effect of pressure 
upon ignition seemed highly desirable. The investigation re- 
quired such “thin” streams of coal particles that ignition resulted 
from heat transfer from controlled wall temperatures rather 
than from a flame. Use of various partial pressures of oxygen was 
indicated to determine any pressure effects resulting from in- 
Provision had to be made for 
collection of combustion residues in order to determine the effect 


creased availability of oxygen. 
of ignition conditions upon ensuing combustion, 


APPARATUS AND PROCEDURE 


The furnace used for the study of the ignition and combustion 
of pulverized coal under pressure is shown in Figs. 2.and 3. The 
furnace was built in a 24-in. length of Shelby tubing, 6 in. ID and 
'/,in, wall thickness. A water-cooling jacket covered the central 
13 in. of the tube. The tube was mounted horizontally and pro- 
vided with a window along the center of the bottom side. A 
sheet. of single-strength window glass was inserted about 1 in. 
above the pyrex-glass pressure window. <A stream of se ondary 
air, introduced between the two glasses and passed through 
nozzles around the upper glass, further protected the window 


Fic. 2) View or Apparatus 


J Gas outlet 
K & L Cooling-water connections 
M Secondary-air inlet 


A Fire-Crete 
B Furnace cavity 
C Globars 


D Alundum shape _N Air orifices 

E Retractable refractory tube _P Pressure window 

F Insulated lead ~R Secondary window 

G Filter —S Coal inlet 

H Retractable thermocouple —T Water-cooled tube 
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from the furnace heat and provided some upward air flow through 
the combustion space. 

The furnace insulation was cast from ‘‘Hi-Temperature Fire- 
Crete” to provide support for the ‘“‘Globar’’ heating elements, the 
water-cooled feed tube, the ceramic outlet tube, and the alundum 
tunnel which limited the combustion space. Water-cooled end 
plates held the furnace elements in place and protected the elec- 
trical connections in the end compartments. A power input of 
4 kw brought the furnace to 1300 C, as indicated by an optical 
pyrometer sighted upon the inside of the alundum ‘tunnel, but 
this temperature could not be maintained with full air flow. 

The coal was fed from a removable brass cartridge into the pri- 
mary-air stream by a screw-feed plunger assisted by a vibrator. 
Suitable tsolation valves permitted reloading without depressur- 
ing the furnace. Any gas leakage through the plunger packing 
gland had to be by-passed around the cartridge to keep the coal 
from packing against the plunger. Orifice meters were used to 
measure the air-flow rates. The volume flow rates at furnace 
pressure and room temperature were held constant, 0.0053 cfm 
for the primary, and 0.177 cfm for the secondary air admitted 
past the window. These flow rates appeared to be optimum val- 
ues for carrying the coal through the 5-in. distance’ across the 
top of the tunnel and into the outlet tube. The transit time 
for the coal particles was somewhat uncertain. Based upon jet 
conditions it was 0.015 sec, while exit conditions would indicate 
0.065 sec, varying somewhat with exit-gas temperature. The 
removable outlet tube, !/2 in. ID and 18 in. long, had a’side open- 
ing placed just over a filter plate ahead of the throttling valve 
used for pressure control. While some combustion residues fell 
to the observation window, the greafer portion was always found 
in the outlet tube or on the filter plate. 

The percentage combustion was determined on the basis of ash 
analyses. Residues from the filter plate, from the outlet tube, and 
from the window, if any, were collected and analyzed individually. 
Any residues falling upon the hot surface of the outlet tube near 
the furnace cavity had to be disearded and ignored. While such 
residues had ample time for complete combustion in a tempera- 
ture-controlled reaction on the hot surface, no appreciable further 
combustion would have occurred had they been promptly carried 
out of the hot zone. 

A retractable thermocouple was placed in the outlet tube. The 
thermocouple indication agreed with the optical pyrometer 
sighted through the window onto the inside of the alundum tunnel 
when no gas was flowing, but showed substantially lower tem- 
peratures with gas flowing. The optical pyrometer indication 
was taken as the temperature for correlation with percentage 
combustion. 


EXPERIMENTAL RESULTS 


The proximate analyses of the coals studied are given in Table 1. 
The degree of combustion of these coals in various atmospheres as 
a function of furnace temperature is shown in Figs. 4 through 10. 
Fig. 4 gives data for 100-140 mesh Pittsburgh:seam coal in air at 
zero, 50, and 100 psig. Figs. 5 and 6 show similar data for Illinois 
No. 6 and Pocahontas No. 3 seam coals, respectively. The 
curves, relating the degree of combustion to furnace radiation 
temperature at constant pressure, show a progressive change in 
form as the pressure is increased and, to a lesser extent, as the 


TABLE 1 PROXIMATE ‘ANALYSES OF COALS STUDIED 


Moist- Volatile Fixed 
ure matter, carbon, Ash, 


per per per per 
Seam County cent cent cent cent Btu 
Pittsburgh Fayette, Pa. 1.9 33.6 57.0 7.5 13,910 
Pocahontas 
No. 3 McDowell, W. Va. 0.8 15.3 78.3 5.6 14,760 
Illinois No. 6 Franklin, Tl. 6.7 33.9 50.3 9.1 12,270 
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rank of the coal increases. The curve for the Illinois coal at 
atmospherie pressure is displaced furthest to the left and is every- 
where concave downward. The Illinois coal at intermediate pres- 
sure and the Pittsburgh and Pocahontas coals at atmospheric 
pressure show curves with points of inflection within the tempera- 
ture range explored. The steepest points of the curves for the 
Pittsburgh and Pocahontas coals occur at temperatures which 
had previously been shown to be the minimum for uniform igni- 


.tion of these coals (2). The remaining curves must become con- 


cave downward as combustion reaches completion with furnace 
temperatures above 1100 C. Whatever the significance of this 
change in the form of the curves, it appears that higher furnace 
temperatures were necessary to obtain the same percentage 
combustion with higher furnace pressures or higher rank coals, 
Fig. 7 shows curves for 170-200 mesh as compared to 100-140 
mesh Pittsburgh seam coal. While the curve for atmospheric 
pressure is shifted upward and its point of maximum slope shifted 
somewhat to higher temperatures, the curves at the higher pres- 
sures are not appreciably different from those found for the 
coarser-sized coal. Similar studies at 50.psig showed insignificant 
changes for the Pocahontas coal and an upward shift of 5 to 10 
percentage points for the Illinois coal. Minus 200-mesh Pitts- 
burgh seam coal was also studied, Fig. 8. It was difficult to ob- 
tain reproducible results with this size coal. Based upon a num- 
ber of duplicate points for the atmospheric-pressure curve, large 
circles were, drawn representing probable error limits. These 
show that a more involved curve than that shown is not justified. 


These curves al] show points of inflection but the maximum slopes 


occur at higher temperatures than those found for coarser sizes 
of this coal. 

Figs. 9 and 10 show the effect of higher partial pressures of oxy- 
gen with the Pittsburgh seam coal. Proceeding to 50 per cent 
and 90 per cent oxygen in nitrogen mixtures, the curves, at each 
total pressure, move somewhat upward and to the left with in- 
creasing ‘partial pressure of oxygen. However, the effect is not 
so marked as the depressive effect of increasing total pressure. 
The difference’ would be even greater if the pressure effect was 
taken at constant partial pressure of oxygen rather than at con- 
stant composition. Only at 90 per cent oxygen and 50 psi pres- 
sure was the effect great enough to make a substantial change in 
the form of the curve. : 


INTERPRETATION OF DaTa 


‘In order to interpret the experimental data, it is necessary to 
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recognize the conditions under which the coal was ignited. The 
coal and the primary-gas stream entered together at the water- 
cooling temperature. The primary air entered as a jet moving 
through the secondary air which had some opportunity to ap- 
proach furnace temperature. The coal probably remained within 
the jet long enough so that the hotter secondary gas had little 
chance to influence the ignition process. The two gas streams 
ultimately mixed but never reached the radiation temperature of 
the furnace walls. Thermocouple indications were always lower 
than the furnace radiation temperature and, with the furnace at 
1200 C, fell to 600 C in the outlet tube where the thermocouple 
probably came nearest to measuring the gas temperature. ‘ 
In all instances the active burning times were less than the 
transit times across the furnace. The burning particles generally 
were incandescent for only a small portion of the total distance of 
travel across the combustion chamber. Nevertheless, the degree 


of completeness of combustion, even at temperature levels ° 


viving uniform ignition, increased strongly with incfeasing tem- 
perature, increased moderately with partial pressure of oxygen, 
but was strongly depressed by increasing total pressure. 

It would seem evident that these variables influenced the de- 
gree of combustion through an effect upon loss of ignition. The 
burning particles, failing to consume the oxidizing gas as rap- 
idly as it can be transported by conveetion and diffusion to the 
burning surface, fall to a temperature somewhere between that 
of the immediately surrounding gases and the radiation tempera- 
ture of the furnace. At the lower temperature.the raté of burn- 
ing is so low as to contribute practically nothing during the 
limited time of transit through the furnace. 

The ability to consume the oxidizing gas.as rapidly as it can 
reach the burning surface. depends upon the particle tempera- 
ture. Since the heat capacity of the particle is relatively small, 
as compared to its heat of combustion, this temperature is such 
as to obtain a balance between the rates of heat release and heat 
dissipation to the surroundings. Heat loss to the immediately 
surrounding gas should depend upon pressure, but these gases have 


been heated to a high temperature by the combustion process re- | 


ducing any heat loss to such a level that it would seem that in- 
creasing the partial pressure of the oxygen, making it more read-. 
ily available to combustion, should easily offset ary such effect. 
This is contrary to the relative effects found. Changing pressure 
and gas composition should have little effect upon heat loss by 
radiation. Further, the burning-particle temperatures probably 
were so high that back radiation from the furnace was not an 
important factor. The previous studies at atmospheric pressure 
showed a marked effect of furnace temperature with little differ- 
ence whether the active burning period ended within the furnace 
or in an environment at room temperature (2). 

However, the ‘temperature required to maintain ignition does 
depend upon the reactivity of the burning residue; the more re- 
active the surface the lower the temperature at which the oxidizing 
gas will be consumed as rapidly as it can reach the surface and 
the more completely the particle will be expected to burn out 
before it loses ignition. While the arguments relating the differ- 
ent variables to the balance between leat release amd heat dis- 
sipation are not’ rigorous, it appears that these variables could 
exert their influence through an effect of the initial heating rate 
of the coal as it enters the furnace upon the reactivity of the 
combustion residues. 

The alternate suggestion that the effect might have been due 
to an influence upon cenosphere size (8) seems not to be correct, 
since it was observed qualitatively that the cenosphere size de- 
creases with increasing pressure, while previous work showed that, 
within the temperature ranges giving uniform ignition, the ceno- 
sphere size also decreases with increasing furnace temperature. 

Failure to find a marked effect of coal size is of particular inter- 
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est. ‘Traustel’s (4) analysis indicated an optimum size, giving 
most rapid initial rates of temperature rise; the finer sizes heat 
less rapidly owing to more intimate contact with the heat capac- 
ity of the surrounding air. This is not in contradiction to large 
furnace practice. Increasing coal fineness produces a shorter and 


* more intense flame, favoring increased rates of heat transfer to 


the incoming fuel. Any effect of higher resistance*to heat flow 
with finer coal would be overpowered by. the increased ‘flame 

Such interplay betweén the influence of various factors upon 
ignition with a controlled igniting source and the influence of 
these factors upon the ability of a flame to supply heat transfer 
for ignition should be the basis for further experimental investiga- 
tion. The controlled source with low-density suspensions leads 
to particulate ignition, each particle igniting independently. 
Increasing the density of suspension beyond some critical value, 
collective ignition occurs with the appearance of a definite flame 
front (2). The influence of fuel character, size distribution, coal- 
to-air ratio, and aerodynamic factors upon this limit should be 
investigated. The influence of such factors upon the intensity of 
radiation from flames should be studied, in order, for instance, to 
determine to what extent the more intense radiation from a short 
flame of fine coal can offset the more difficult ignition of’a finer 
coal particle. . 

Such information will be particularly useful in the development 
of combustion systems for gas-turbine cycles where good combus- 
tion is much more difficult to obtain than in large furnaces. High 
gas velocities and ‘early introduction of high excess air tend to 
reduce the rate of heat transfer into incoming fuel. The adverse 
effect of pressure upon the rate of temperature rise further ‘de- 
creases the reactivity of combustion residues, Corrective meas- 
ures must involve increased flame intensity held close to the point 
of entry of fuel into the combustion chamber. Increasing volumes 
available for combustion will be of no avail unless the wall tem- 
peratures are high enough, probably in the slagging range, to 
avoid loss of ignition. 


SUMMARY AND CONCLUSIONS 


1 A theoretical study of heat transfer indicated an adverse 
effect of pressure upon the ignition of pulverized coal, the rate 
of heating falling with increased pressure. 

2 Apparatus and procedures were devised for studying the 
effect of total as welt as oxygen partial pressure with controlled 
igniting conditions upon the resulting combustion process., The 
resulting data confirmed the indication from earlier work at 
atmospheric pressure that decreased initial heating rates under 
pressure would lead to less complete combustion. 

3 Particularly in application to gas-turbine cycles, good 
combustion demands high rates of heat transfer to incoming 
fuel. Increased volume for combustion cannot replace inadequate 
ignition intensity. 
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° 
Discussion 

H.R. Hazarp.§ The authors have done an excellent piece of 
experimental work in which they have controlled the environment 
of individual particles of burning coal to determine the influence 
of pressure, temperature, and oxygen. concentration on complete- 
ness of combustion. However, the conditions under which the 
tests were run were far removed from conditions existing in prac- 
tical combustion chambers, and therefore data must be inter- 
preted carefully if they are to be of practical value. 

One factor which may have had an important bearing on the 
results Was the use of constant volumes of primary air and second- 
ary air at all pressures., Thus at 115 psia, the mass flow of air 
through the test combustion chamber was 7.8 times that at 15 
psia, though the coal-firing rate was probably unchanged. This 
increased the Reynolds number by a factor of 7.8, thus increasing 
convection heat transfer from the particle to some degree not dis- 
cussed in the paper. This probably would reduce completeness of 
combustion, because air temperatures were always considerably 
below wall temperatures. If the extremely high air/fuel ratios 
used at, 115 psia also resulted in very low exit-gas temperatures, 
they might-account in part for poor combustion at 115 psia. 
Thus the poor combustion found at 115 psia was not necessarily 
the effect of pressure alone, but probably reflects the very large 
increase of air flow with pressure. 

The manner in which the authors discuss partial pressure of 
oxygen suggests that oxygen is more readily available for com- 
-bustion at higher static pressures because partial pressure of 
oxygen is higher. Actually, while the mass rate of diffusion is 


* directly proportional to the partial pressure, it is inversely pro- 


portional to density, and is, therefore, independent of static pres- 
sure. The availability of oxygen can thus be increased only by 
increasing the proportion of oxygen in the mixture. 

The value of the method.used was that it isolated and am- 
plified small combustion effects which might have passed un- 
noticed in combustion chambers designed for practical operation. 
In the test furnace, a definite effect of pressure was shown which 
was probably much greater than mathematical analysis would 
indicate. The effect shown can be regarded as a qualitative dem- 
onstration that, under temperature conditions where ignition is 
barely maintained, and where gas temperatures are below both 
particle temperatures and wall temperatures, pressure will affect 
combustion adversely because of heat loss by convection from the 
particle. 

The final completeness of combustion is not necessarily related 
to the initial heating rate in all equipment, though such a relation 
did exist in the authors’ test equipment for obvious reasons. In 
that equipment, the radiation temperature to which a particle 
was exposed was essentially constant throughout its combustion 
history. Low furnace temperatures thus resulted in early loss of 
ignition as well as slow ignition, while high furnace temperatures 
would delay loss of ignition as well as accelerate ignition. Two 
combustion chambers operated at Battelle have demonstrated 
that ignition intensity and loss of ignition need not be related. 
In one, a gas-turbine combustor 30 in. in diam, ignition was ex- 
tremely rapid, with flame temperatures above 2600 F within 6 in. 
of the point ef coal admission. However, the flame passed close 

5 Assistant Supervisor, Battelle Memorial Institute, Columbus, 
Ohio. Jun. ASME. 
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to very cold walls, and was quickly diluted by large quantities of 
excess air, and combustion efficiency was only 60 per cent. In 
another investigation, low-volatile coal was burned in a tubular 
refractory furnace 18 in. diam and 8.5 ft long. Ignition was so 
slow that at distances of 1 ft, 2 ft, and 3.3 ft from the burner, 
flame temperatures were only 1935, 2060, and 2240 F, respec- 
‘tively; however, at 6 ft from the burner, both gas temperature 
and refractory temperature were 2570 F, and at 8.5 ft from the 
burner 97 per cent of the coal had been burned. In this test, rate 
of heating was much lower than in the gas-turbine combustor, but 
combustion took place under nearly adiabatic conditions so that 
loss of ignition did not occur until burning had practically run its 
course. 

In gas-turbine practice the combustor-inlet and combustor- 
outlet temperatures, and the volume rate of air flow would be 
nearly constant over a wide range of pressures. Mass rate of air 
flow and fuel flow would vary in almost direct proportion to 
pressure. Because of higher flame density and higher firing rates 
at higher pressures, it would be expected that flame tempera- 
tures would be considerably higher than at low pressures. This 
would result in higher radiating temperatures for ignition, which 
might be expected to compensate to a great degree any adverse 
convection effect. At the end of combustion, gas temperatures 
in an air-cooled combustor would be higher than wall tempera- 
tures by perhaps 1000 F, so that increased convection at high 
pressures actually should benefit combustion rather than cause 
early loss of ignition noted under the authors’ test conditions. 

At Battelle, as referred to by the authors,* tests have been run 
to determine the effect of pressure on combustion in a pulverized- 
coal flame. Conditions differed from gas-turbine practice in that 
firing rate was not proportional to pressure, but was nominally 
constant for all tests, at 120 lb of coal per hr. Flame tempera- 
tures of about 2800 F were obtained near the burner. Under 
these conditions no large effect of pressure was found. If igni- 
tion was retarded by pressure, the effect on practical operation 
was negligible. 

Inspection of the authors’ curves, Figs. 7 through 10, suggests 
that if the tests had been run at temperatures of 2500 to 3000 F 
(1370 to 1650 C), complete combustion might have been obtained 
at all pressures. J 

The data presented are of interest principally because they 
point out that not all the combustion effects resulting from use of 
high pressures are favorable, and care must be exercised to mini- 
mize the unfavorable effects which might be expected. 


AuTHorRs’ CLosURE 

The questions raised by Mr. Hazard involve interpretation of 
the data presented as an alternative to that presented in the 
paper. His analysis requires extension of empirical correlations 
from large-scale experiments to the microscopic scale involved in 
these studies of combustion of pulverized.coal. This requires 
‘caution in the absence of rigorous mathematical solutions for 
either mass or heat-transfer rates in processes involving both 
convection and diffusion. 

Some confusion appears between these attempts to explain loss 
of ignition and the demonstration of effects of pressure, acting 
through the initial heating rate, upon the ease of maintaining 
ignition. Ignition is easily maintained in a hot furnace in the 
slagging range, but is increasingly difficult with high excess air 
and rapid cooling of the burning particle by radiation to cold 
walls. Under the latter conditions the data show that ignition 
must be effected by a more intense source of radiant heat with 
increased pressure than at atmospheric pressure in order to main- 
tain ignition. Otherwise, combustion will be less complete and 
increased combustion space alone will not be adequate. 


® Reference is to authors’ bibliography (1). 
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Continuous Gasification of Pulverized 


This progress report presents the preliminary results of 
the gasification of pulverized coal by steam-oxygen mix- 
tures in a vortex reactor. The basic principles of reactor 
design, and an illustrative example of their application 
are given. A method of calculating the composition of 
the gas produced in this reactor is presented and has been 
checked experimentally. The carbon conversion and the 
limits of operation have been found to be closely related 
to the type and uniformity of the coal distribution. A 
method of improving the operation of the equipment and 
the quality of the gas by a change in the type of coal dis- 
tributor appears to be promising. 


INTRODUCTION 


FF NUHE manufacture of synthetic liquid fuels by the Fischer 
Tropsch process, which appears to be a future commercial 
possibitity in this country, requires approximately 30,000 

sef of hydrogen and carbon monoxide (synthesis gas) for each 
barrel of product. Although synthesis gas can be made from oil, 
natural gas, or coal, it is obvious that if synthetic fuels are to sup- 
plement a substantial percentage of the liquid fuels consumed in 
the future, coal must be looked to as the primary source. 

Established gasification processes in this country could supply 
‘the synthesis-gas requirements, but since they depend for success- 
ful operation on coke, or classes of coal found only in certain geo- 
graphical areas, there is an urgent need for a process that will 
operate with any class of coal, thereby removing fuel costs and 
sources as restrictions, 

Many methods have been proposed for the gasification of coal 
for the production of synthesis gas, and since several excellent 
reviews of these methods have been published**:*,? they will be 
only summarized here for the purpose of showing the advan- 
tages and disadvantages of each, and the basis for the present in- 

' Chemical Engineer, Research and Development Branch, Office of 
Synthetic Liquid Fuels, Bureau of Mines, Pittsburgh, Pa. 

2 Supervising Engineer, Combustion Research Section, 
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Coal With Oxygen and Steam by | 
the Vortex Principle 


BY H. PERRY," R. C. COREY,? anv M. A. ELLIOTT? 


vestigation. The methods have been classified by Newman‘ into 
the four following groups: 


Fine fuel gasified in a fluidized bed. : 
2 Fine fuel gasified in a fixed bed. 
3 Lump fuel gasified in a fixed bed. 
Fine fuel gasified in suspension. 


3 

The fluidized-bed processes, of which the Winkler is typical, 
require a highly reactive and noncoking coal or char, a large re- 
actor volume, and a relatively large consumption of oxygen per 
pound of fuel gasified. The dust loading and the carbon dioxide 
in the gas produced are high. Where cheap fines of a highly 
reactive fuel are available, this process might be suitable for use 
in the United States. * 

The processes in which fine fuel is gasified in a fixed bed at 
atmospheric pressure are an extension of the use of air-blown gas 
The necessity of using either sized coke or anthracite 
severely limits these processes both economically and from the 


producers. 
viewpoint of available raw materials. The Lurgi process, which 
involves a fixed-bed operation at 20 to 30 atm with small-sized 
fuel, suffers the same limitations from the standpoint of coal 
requirements, and, in addition, produces substantial quantities 
of methane, which iv a diluent in the Fischer Tropsch process 
and would require an expensive reforming process if the product 
were to be used for synthesis gas. 

The fixed-bed processes using lump fuel have the advantage 
of requiring only a modification in design and operation of existing 
water-gas generators, and thus the years of accumulated experi- 
ence with such equipment could be used. However, from a 
commercial standpoint, high-temperature coke is the only suita- 
ble fuel, and this imposes a serious limitation on the use of the 
conventional water-gas process. 

One of the most promising methods appears to be the gasifica- 
tion of pulverized coal in suspension in a stream of oxygen and 
steam. Favorable characteristics inherent in 
appear to be: 


such a process 
(1) Relatively high specific rates of gasification due 
to the high specific surface of the fuel; (2) the advantages of a 
continuous process in ease of control and the need of a small 
plant size for large throughputs; and (3) the use of any class of 
coal. ‘ 

Suspension gasification of pulverized coal may be classified, 
in general, in two ways, depending upon the path of the coal 
particle with respect to the gas: (a) The coal may flow with one 
or both of the reacting gases; (b) the coal may have relative 
motion with respect to the reacting gases, thereby making use of 
the fact that the speed of the diffusion-controlled phases of the 
gasification reactions is increased. 

Early in 1947, when this investigation was under consideration, 
the latter classification appeared to merit further experimental 
work. The Fuel Research Board in England,* and the Loco- 


5 “Complete Gasification of Pulverized Coal in a Vortex Chamber,” 
Report of the Fuel Research Board for Year ending March 31, 1938, 
p. 141. 
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motive Development Committee’ had investigated the use of 
a vortex reaction chamber as a combustor. This reactor ap- 
peared to have special advantages for use as a gasifier. One 
other method of suspension gasification had been tried in the 
Ruhr, Germany. A pilot plant was operated during the war 
using a process developed by the Heinrich* Koppers Company, 
which used pulverized coal with oxygen and steam under turbu- 
lent conditions. It was claimed to be superior to the Winkler 
process, but sufficient design details and operating data were not - 
available to the Bureau of Mines to evaluate completely its ap- 
plicability to commercial operation in this country. In April, 
1949, the Bureau placed into operation a synthetic-liquid-fuels 
demonstration plant in Louisiana, Mo., using a modified Hein- 
rich Koppers unit, designed to gasify 25 tons of coal a day for the 
Fischer Tropsch plant. 

The original work on the vortex reactor was done by the Fuel 
Research Board in England* and was used for the production of 
producer gas with encouraging results. A few tests were also 
made using steam-air mixtures, and a typical gas composition 
was as follows: Analysis, per cent by volume, nitrogen free; CO, 
45.1 per cent, O. 0.8 per cent, CO 20.5 per cent, H, 30.3 per cent, 
CH, 3.3 per cent, carbon conversion approximately 50 per cent. 

It was thought that the high carbon dioxide in the gas resulted 
from high heat losses because of the small size of the unit. The 
same principle was studied in 1946 at Battelle Memorial Institute 
for the Locomotive Development Committee® with the objective 
of developing a combustor for pulverized coal. In these tests 
heat releases up to 4,000,000 Btu per cu ft were observed. 

Careful study of the theory and the results of each of these 
applications of the vortex principle led to the conclusion. that 
it might be adapted to the gasification of pulverized coal with 
oxygen and steam. Accordingly, the Research and Develop- 
ment Branch of the Office of Synthetic Liquid Fuels, in co- 
operation with the Combustion Research Section of the Coal 
Branch, each of the Bureau of Mines, designed and built a pilot 
plant at the Pittsburgh Station to gasify 100 lb of coal per hr. 
This size was selected because it was thought to be large enough 
to have low heat losses and to be small enough to be operated 
with reasonable quantities of materials. 


THEORY OF THE VORTEX 


The design of the vortex required a mathematical analysis of 
the aerodynamics of the unit and of the forces on the particles. 
The approximate feed conditions are established by the require- 
ments for making a gas of desired composition. To. avoid 
slagging of ash on the walls, the vortex should be designed so 
that the largest particles do not reach the wall. The outlet radius 
must be selected such that the ash and unburned carbon will 
leave at the exit pipe before reaching the floor of the vortex. 

The basic law of the free vortex is the conservation of angular 
momentum. The fluid is introduced tangentially at the wall and 
its angular momentum is M,V,R,, where V; is the tangential 
velocity at radius R, (wall radius), and M, is mass of the gas. 
At any other radius R, within the vortex the angular momentum 
must be the same as at the wall, so that M,V,R; = M2V2Ro, or 
V2 = ViRi/R:. Thus since R2<R,, as the gas moves toward the 
outlet in the center of the chamber the tangential velocity in- 
creases. Since the fluid also moves radially toward the outtet, 
its resulting path is a spiral. If a solid particle is introduced into 
this moving stream, it is accelerated rapidly to the velocity of the 
stream, and the forces acting on the particle are (1) centrifugal 


® “Progress Report on Pressurized Combustion of Pulverized Coal,” 
by J. I. Yellott and C. F. Kottcamp, presented by the Fuels Division, 
Annual Meeting, New York, N. Y., 1946, of THe AMERICAN Society 


OF MECHANICAL ENGINEERS. 


TRANSACTIONS OF THE ASME 


JULY, 1950 


force due to the circular path of the particle, (2) viscous drag 
of the gas stream, (3) and gravity. If the particle size is such 


- that the centrifugal force and the viscous drag on the particle are 


equal at some radius within the vortex, and if the particle does 
not react and change size, it will move downward in a helical 
path. 

If the coal particles are gasified they continually change size. 
For each size of the coal particle there is a new equilibrium 
radius—the smaller the particle the nearer the equikibrium radius 
to the center of the chamber. Thus a reacting particle not only 
moves in a circular path with the gas stream but also moves across 
the gas stream seeking new equilibrium radii. This move- 
ment of the particle across the gas stream sweeps the products 
of the reaction from the coal surface, leaving a fresh surface for 
the reaction to take place. 

The method of application of these principles to the design of a 
vortex for a particular set of feed conditions is shown in the 
Appendix, : 


Gas Composition From EqvuILiBrium CONSIDERATIONS 


In the absence of methane in the make gas, the chemical 
reactions in a mixture of carbon, oxygen, and steam at elevated 


“temperatures are 


(1] 
C +H,O0=CO +H,............ [2] 
C + 2H,O=CO, + 2H:............ 
CO + H,O=CO, + Hg............. [5] 


At atmospheric pressure and at the temperatures involved 
in these calculations, Reaction. [1] is assumed to go to completion 
and the dissociation of steam and carbon dioxide is assumed 
to be negligible. In the vortex reactor, Reaction [4] was found 


to take place so slowly as not to ihfluence the final make-gas . 


composition. Equation [5] (water-gas shift reaction) is the only 
remaining independent equation since Equation [5] = Equation 
[3] — Equation [2]. 

The equilibrium composition of the gas produced has been 
caleulated-for a variety of conditions from ‘a knowledge of the 
following: : . 


1 Coal feed‘rate and ultimate analysis. 
2 Gross heating value of coal. 

3 Oxygen feed rate and analysis. 

4 Steam feed rate and preheat temperature. 
5 Heat loss from the unit. 

6 Per cent of carbon gasified. 


In addition, the following assumptions have been made: 


1 Water-gas shift equilibrium is reached (Equation [5)}). 

2 Boudouard reaction Equation [4], does not influence 
the final gas composition. 

3 The oxidation of C to CO, goes to completion. _ 

4 Nodissociation of CO, and H,0. 
5 No methane is formed. _ at 

6 Allsulphur in the coal appears as H,S in the make gas. 


The first four assumptions have been found to be essentially 
correct for the vortex reactor. Small ‘amounts of methane 
(2-3 per cent) appear in the make gas, but affect the équilibrium 
calculations only slightly. “The form in*which the sulphur ap- 
pears in the make gas has not been determined, but for the low- 
sulphur coals used in these tests it could appear in any form with- 
out changing the equilibrium calculations appreciably. 

The per cent of CQ, in the dry.make gas, the per cent steam 


CO, IN DRY GAS, PERCENT 


HYDROGEN 
CARBON MONOXIDE PATIO 


24+ 


= 
38 
36 
34 
22 
20 
. 
16 
4 
0 
18 
17 
e 15} 
T 
“8 
- 72 
0 
a? 


CO, IN DRY GAS, PERCENT 


RATIO 


HYDROGEN 


CARBON MONOXIDE 


PERRY, COREY, ELLIOTT—CONTINUOUS GASIFICATION OF PULVERIZED COAL al 


Coal rate-100 pounds per hour Wyoming coal as received 
Oxygen rate-100 pounds per hour “ 

Steam rate-100 pounds per hour 

Steam temperature —— 

Heat loss —— 

Carbon conversion-100 percent 


Oxygen rate 
Steam rate 
Steam temperature 1040° F. 

Heat loss 150,000 B. t. u. per hour 
Carbon conversion-100 percent 


Coal rate-100 pounds per hour Wyoming coal as received 


Coal rate-100 pounds per hour Wyoming coal as received 
Oxygen rate-100 pounds per hour 
Steam rate-100 pounds per hour 

Steam temperature 1040” F. 
Heat loss 150,000 B. t. u. per hour 
Carbon conversion 


|_| 


— 


4 


— 


— 


| 


1.20 pounds of steam’ per pound of coal ™ 


7 


0.80 pounds of steam per pound of coal 


4 


| 


Coal rate-100 pounds per hour Wyoming coal as received [Coal rate-100 pounds per hour Wyoming coal as received [Coal rate-100 pounds per hour Wyoming coal as rec 
Oxygen rate-100 pounds per hour Oxygen rate —— Oxygen rate-100 pounds per hour 
Steam rate-100 pounds per hour Steam rate Steam rate-100 pounds per hour 
Steam temperature —— Steam temperature 1040° F. a Steam temperature 1040° F. 
Heat loss —— Heat loss 150,000 B. t. u. per hour 
Carbon conversion-100 percent Carbon conversion-100 percent 
19 T 
TTT 
18 
| | | 
17 —+ 
16 
15 
14 
1.20 pounds of steam per pound of coal 
13 
7 | 540° F. 1.00 pounds of steam per pound of coal 
| 0.80 pounds of steam per pound of coal 
1040° F. 
3.0 4 
1540° F. 
2040° F. 
| | | | || 
0 50,000 100,000 150,000 200,000 os 1.0 ll 12 100 90 70 


50,000 100,000 150,000 
HEAT LOST BY RADIATION, B. T. U. PER HOUR 


200,900 08 


1.0 
POUNDS OF OXYGEN PER POUND OF COAL 


12 100 


90 80 


CARBON CONVERSION, PERCENT 


Fig. 1 CatecvuLatep VaLvues or Per Cent CO; 1n Dry Make Gas as FuncTIoN oF Process VARIABLES 


70 


HEAT LOST BY RADIATION, B. T. U. PER HOUR 
Fic. 2 

6 


POUNDS OF OXYGEN PER POUND OF COAL 


CaLcuLaTep or H~to-CO Ratio 1n Dry Make Gas as Func 


CARBON CONVERSION, PERCENT 


“TION OF Process VARIABLES 


601 
bey 
. 32 | re 
6 540° F.- =! 
| 
ime 
4 
Vig 
rity 
xt 


‘| 
-10t— ~ 


602 _ TRANSACTIONS OF THE ASME JULY, 1950 
Coal rate-100 pounds per hour Wyoming coal as received Coal rate-100 pounds per hour Wyoming coal as received Coal rate-100 pounds per hour Wyoming coal as received 
Oxygen rate-100 pounds per hour Oxygen rate —-—— Oxygen rate-100 pounds per hour 

$ Steam rate-100 pounds per hour Steam rate Steam rate-100 pounds per hour 
Steam temperature 1040” F. Steam temperature 1040” F. 
; eat loss : ; Heat loss 150,000 B. t. u. per hour Heat loss 150,000 B. t. u. per hour : 
Carbon conversion-100 percent Carbon conversion-100 percent on conversion - ° 

| | | 
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Steam temperature 
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Carbon conversion-100 percent 


Oxygen rate 
Steam rate 
Steam temperature 


Coal rate-100 pounds per hour Wyoming coal as received 


Heat loss 150,000 B. t. u. per hour : 
Carbon conversion-100 percent ae 


Coal rate-100 pounds per hour Wyoming coal as received 
Oxygen rate-100 pounds per hour 

Steam rate-100 pounds per hour 

Steam temperature 1,040° F 

Heat loss 150,000 8 t. u. per hour 

Carbon conversion 


. 


1,040° F 


| 


0.80 pounds of steam per pound of coal | 


+ 
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1.00 pounds of steam per pound of coal , 


1,540° F. 


¥.040° F. 


GAS TEMPERATURE AT EQUILIBRIUM, °F. 


540° F. 


Ag 


+ 


1.20 pounds of steam per pound of coal 


| 


decompasition, and the ratio of hydrogen to carbon monoxide 
have been calculated as a function of the following: 


1 Heat lost by radiation. ae 3 Oxygen to coal ratio. 
2 Steam preheat. “4 Steam to coal ratio. 
7 5 Per cent carbon gasified. 


The coal used for these calculatioris,was a Rock Springs No. 9, 
Wyoming coal, the composition of which is given in Table 1. 
In the calculations in which the carbon gasified was assumed 
* "to ‘be less than 100 per cent, the residue was assumed to be 
entirely carbon and ash. This agrees with the experimental 
results. 


0 50,000 100,000 * 150,000 200,000 08 09 10 a. le * 100 . 9 80 70 60 
HEAT LOST BY RADIATION, B. T. Y. PER HOUR POUNDS OF OXYGEN PER POUND OF COAL CARBON CONVERSION, PERCENT , 
Fic. 4, CatcuLatep Vatues oF ‘Temperature or Gas as FuNcTION OF Process VARIABLES 


TABLE 1 ULTIMATE-ANALYSIS (3.5 PER CENT MOISTURE), 
PER CENT . 


Gross heating yalue = 12,620 Bru per Ib 


The results of these, calculations are shown on Figs..1, 2, 3, 4. 
Fig. f indicates that the production of CO, is a minimum for a 
“weight ratio of oxygen to coal of approximately 0.9. For this 
feed, therefore, the CO + Hy is at a maximum. The position of 
the minimum CO, is affected slightly by the steam-to-coal ratio. 
As the percentage carbon gasified decreases, the CO, in the dry 

make gas increases rapidly. 
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Fig. 2 shows that as the O,-to-coal ratio decreases, the H,-to- 
CO ratio increases rapidly. 

Fig. 3 shows that the percentage of steam decomposed is 
almost independent of the steam-to-coal ratio, at an oxygen to 
coal ratio of 0.9. 

- Fig. 4 shows the effect of the process variables on the exit gas 
temperature. Increasing heat losses decrease the exit gas tem- 
perature, while increasing the oxygen-to-coal ratio in the feed 
and decreasing the carbon conversion cause the exit gas tem- 
perature to increase. 

APPARATUS 

A flow diagram of the apparatus is shown in Fig. 5. The 
steam superheater was gas-fired and the heat-transfer surface 


consisted of two stainless-steel coils. The oxygen, obtained from 


Powdered 


Gos 
prema 


burner 


Fic. 5 FiLow Sueer ror Vortex Gasirier 

a Linde Cascade unit, was mixed with the superheated steam and 
split into four feed lines to the reactor. Pulverized coal was fed 
from an aerated hopper by a star-wheel feeder to a distributor, 
and .then to the vortex reactor. The gases produced, ash, and 
unburned carbon, left the reactor at the bottom and passed 
through a 4-in. refractory-lined pipe. 
were made in 


Gas-sampling and tem- 
this section. The gases 


and solids were then cooled by a water spray to about 500 F, 


perature measurement 


and part of the solids was recovered with the excess spray water. 
In the first tests, multiple cyclone separators were used in an 
attempt to remove the remaining solids, but these proved un- 
satisfactory and their use was discontinued. 

The construction of the vortex reactor is shown in Fig. 6. 
Babcock & Wilcox Bafflemix refractory was used to line the 
outer steel shell, while the slots, top, and bottom of the reaction 
chamber were cast from B & W Kaocast. Provision for two 
sight holes and a gas burner was made in the top of the re- 
Movable Pt-PtRh thermocouples were placed 
in the top and side of the reactor. 


action chamber. 


The steam and oxygen were measured by means of calibrated 
Steam from the service line was throttled 
to the desired pressure and preheated before measurement at 


sharp-edged orifices. 
the orifice. The steam temperature leaving the superheater 
was measured with a Pt-PtRh thermocouple. 

The coal hopper held approximately 150 Ib of coal and was 
aerated by an air distributor at the base of the hopper. Me- 
chanical agitation of the coal was tried and resulted in packing 
of the coal in the hopper. { 
feed mechanism by a standpipe 31 in. high and 4'/2 in. diam. 
The fluidized coal fell from this standpipe through two openings’ 
in the bottom of the pipe (180 deg apart), was picked up by a 
rotating impeller wheel, carried through 90 deg around the plate 


The hopper was connected to the 


Fic. 6) Scuemaric Drawine or Vorrex Gasirier 


Coal 


-Concentric cones 


hig. 7 Cone 
DistTRIBUTOR 


and dropped through two outlets to the two feed pipes. A small 
stream of air was injected into the impeller teeth at both outlet 
pipes to dislodge the coal. Calibration of the feeder indicated 
that the coal rate was proportional to the speed of the impeller 
wheel and varied, at constant speed, by approximately +3 
per cent over 5-min intervals. The feéder and hopper were 
mounted on scales and connected to the distributor with rubber 
tubing so that coal-feed rates could be checked regularly. 

The metered coal fell by gravity to the coal distributor, shown 
diagrammatically in Fig. 7. The streams of coal were split by the 
inner cone and passed down the annulus between the two cones 
into the reaction chamber. The bases of both the inner and 
outer cones, which were level with the top of the reaction cham- 
ber, were water-cooled. A Syntron vibrator was fastened to the 
distributor to insure steady flow of the coal down the cone. 
The coal entered the reaction chamber around the entire cireum- 
ference at a distance 3 in. from the wall of the reactor. 

A second type of distributor has been used. _ In this distributor, 
the coal, metered as described, falls on a water-cooled spinning 
plate at the top center of the reactor and is thrown toward the 
walls in an umbrellalike pattern by the rapidly rotating plate. 


EXPERIMENTAL PROCEDURE 


Before admifting coal, the reactor was preheated to about 
2000 F with a natural gas - air mixture. Primary air was mixed 
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with the gas, and secondary air, preheated in the superheater, 
was introduced through the slots in the reactor. When the 
temperature in the reactor reached 1000 F, the secondary air was 
replaced gradually with the steam-oxygen mixture sequent for 
gasification, and heating was continued to 2000 F. 

The coal hopper was charged through a !/;-in. X '/:-in. screen, 
with the fluidizing air turned on to prevent packing of the coal 
while charging. After filling, the charged hopper and standpipe 
were fluidized for about 30 sec with an air stream introduced at 
the star wheel. 

When the chamber was preheated to the desired temperature, 
the coal was started into the vortex, and as the temperature of the 
exit gases rose sharply, the gas-fired burner was removed from the 
chamber, and the gas and primary air shut off. 

A continuous record of the exit-gas temperature was made, and 
readings of steam flow, oxygen flow, speed of coal feeder, and the 
weight of the coal hopper were taken periodically. At regular 


intervals gas samples were taken at the exit pipe with a water- 


cooled probe.. 
LESULTS 


Limits of Operation. Approximately 45 tests have been made 
on the unit with the conical coal distributor. In the first eleven 
tests Bruceton (coking? coal was used and the coal distributor 
became coked in every test. When Wyoming (noncoking, 70 
per cent through 200 mesh) coal was used and‘when the optimum 
slot sizes were determined the unit was operated continuously 
at coal rates between 45 and 85 lb per hr. At both higher and 
lower, rates, unburned coal accumulated on the vortex floor. 
At the lower rates the small quantities of steam and oxygen 
required for gasification produced such low tangential velocities 
in the reactor that the incoming coal stream was not picked up 
by the gas. At the higher coal rates the density of the incoming 
coal stream was such that even at the high tangential velocities 


part of the coal reached the vortex floor before being picked up 


by the gas. 

An attempt to use the same Wyoming coal at rates of 50 lb per 
hr but with a larger size consist (only 30 per cent through 200 
mesh) resulted in an accumulation of unburned carbon in the 
vortex. One further attempt to use coking coal, under the 
optimum conditions of slot size and coal-feed rate, also failed. 

The limits of operation are a function of the type of coal dis- 
tributor. In all of the tests in which unburned carbon accumu- 
lated on the vortex floor, it was found in irregular piles. At 
times one side of the vortex was completely clean while the other 
side was partially filled with coal, indicating uneven feed. With 
a coking coal, in the cone type of distributor, bridging of coke 


occurs across the outlet of the distributor, and all of the coal must . 


then be fed through the remaining open area. With a noncoking 
coal this irregular accumulation of unburned carbon indicates 
improper design of the distributor: It appears probable that if a 
noncoking coal were fed uniformly around the circumference by 
the distributor, the vortex could be operated at both lower and 
higher coal rates than are now possible. 


There is some evidence that this nonuniformity of coal dis- . 


tribution not only affects the operational limits of the unit, but 
also the composition of the make gas and the gasification ef- 
ficiency. One test was run for a period of 1'/: hr without accumu- 
lation of unburned coal, but with a known poor distribution of the 
coal feed. The resulting gas was extremely high in carbon 
dioxide, and the gasification efficiency was low, when compared 
to tests with the same feed conditions but with better coal dis- 


tribution. This nonuniformity of feed also may be the cause of: 


the variation in results for similar feed conditions. 
Size Consist of Coal. The vortex was designed’so that particles 
of approximately 325 mesh have an equilibrium radius equal 
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to that of the outlet pipe. The coal actually used in these tests 
contained 55 per cent by weight of particles smaller than this. 
For commercial use it is impractical to grind coal with 1 or 2 
per cent on 100 mesh and have much less than 45-55 per cent 
through 325 mesh. To approach practical operating conditions, 
the usual commercial grind of pulverized’ coal was used, even 
though it was realized that’‘the unburned carbon might be high. 
To reduce the carbon los8 caused by the high percentage of fines 
the outlet diameter of the vortex would have had to be reduced 
below 4 in., causing a pressuré rise in the vortex and excessive 
velocities in the exit pipe (see Appendix). . 

Calculation of Results. All of the data have been calculated 
from an elemental balance on the unit using the feed rates of 
steam, coal, and oxygen, and the composition of the dry make 
gas. The residue from all tests consisted ‘essentially of carbon 
and ash, and if the small‘amounts of hydrogen and oxygen in the 
residue are neglected, the calculations are affected by less than 
0.5 per cent. From the elemental balance, the moles of dry gas 
per hour, moles of steam per hour, and the amount of unburned 
carbon per hour can he calculated. To check the calculated 
values, it would have been desirable to determine one of these 
streams experimentally, and some attempts were made to meas- 
ure the humidity of the make gas and to collect and weigh all 
of the residue. Both determinations proved to be rather difficult, 
and, because of the multitude‘of other problems, were deferred 
until a gas approaching the desired composition is produced. 
However, even without a check on the absolute values of these 
calculated quantities, certain-trends appear and are reported. 

Data. In the equilibrium calculations, made te determine the 
composition of the:make gas that could be expected with this 
reactor, the assumption was made that the water-gas equilibrium 
shift would be satisfied. In Fig. 8 the values of the equili- 
brium constant, calculated from the make-gas romposition, are 


ME Exit gas temperature estimated 
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_ Kp, FROM EXIT GAS TEMPERATURE 


Fic. 8 Comparisons oF CALCULATED AND THEORETICAL WATER- 
Gas ConsTANTs 


plotted against the values ‘of the constant corresponding to the ‘ 
About one half of the points : 


measured exit-gas temperature. 
agree almost exactly, and the remainder are scattered almost 
equally above and below the line. Considering the errors in 
temperature measurement and the errors possible in calculations, 
based on an experimentally unchecked elemental balance, this 
agreement is excellent. 

The other assumption made concerning equilibrium in cal- 
culating the theoretical gas composition was that the rate of the 
CO, + C=2CO reaction would be slow enough not to influence 
the final gas composition. The equilibrium constant for this 
reaction was calculated as described and is plotted in Fig. 9 
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There is considerable scatter of the experimental values but they 
are roughly 1/¢,000 of the equilibrium values corresponding to the 


. exit-gas temperature, indicating that the rate of this reaction is 


such as to influence only slightly the final gas composition. 

Thus the major assumptions made in calculating gas com- 
positions, i.e., the water-gas-shift equilibrium is reached, and 
the, effect of the Boudouard reaction is negligible, have been 
justified for this reactor. It was shown, in the calculation of 
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TABLE 2 DATA FROM TESTS ON CONE-TYPE DISTRIBUTOR 
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the equilibrium gas composition, that if the foregoing assump- 
tions are correct, and if the amount of carbon gasified and the 
heat losses are known for a given set of feed conditions, the make- 
gas composition can be calculated. Estimate of the heat losses 
can be made for any size of unit. The per cent of carbon gasified 
is a characteristic of the type of reactor and is the variable which 
will determine the practicability of the reactor for gasification 
purposes, 

The data for the test with the cone-type distributor are pre- 
sented in Table 2. For this table the percentage heat loss is 
defined as 


Heat lost by radiation, convection, ete. 


Enthalpy in feed — heat of combustion of unburned carbon 


The high percentage of carbon dioxide in the synthesis gas 
appears to-be a result of the excessive heat losses occurring in 
this small unit. Figs. 10 and 11 show the effect of percentage 
heat loss on the production of carbon monoxide plus hydrogen, 
and carbon dioxide per pound of coal gasified. At higher through- 
puts, the percentage heat loss was reduced and the carbon monox- 
ide and hydrogen produced per pound of coal increased, while 
the carbon dioxide produced per pound of coal decreased. The 
dotted curves in these figures are for those tests in which the 
steam-to-coal ratio was low, and in which the gas produced had a 
carbon monoxide-to-hydrogen ratio of 2:1 instead of the 1:1 
ratio observed in other tests. The relatively high yield of carbon 
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monoxide and hydrogen per pound of coal at these conditions 
probably resulted from ‘the higher temperatures in the reaction 
zone in the presence of low steam concentrations, and the forma- 
tion of a higher carbon monoxide - to - carbon dioxide ratio in the 
initial oxidation step. 

In the inserts in Figs. 10 and 11 the’ data are replotted and 
extrapolated to zero heat loss. Under adiabatic conditions, 
it appears that a yield of 30 to 40 cu ft of hydrogen and carbon 
monoxide per lb of coal gasified would be obtained, which com- 
pares favorably with other gasification processes, and the syn- 
thesis gas would contain.15 to 20 per cent carbon dioxide. Thus 


JULY, 1950 
in large units, where the heat losses are small, the vortéx may be 
expected to produce a satisfactory yield and quality of synthesis 
gas. 
Fig. 12 indicates that for the conditions tested and with the 
cone distributor, the per cent carbon gasified is independent of the 
coal rate and almost directly proportional to the pounds of oxygen 
per pound of coal in the feed. The proportionality between the 
oxygen in the feed and the carbon converted is evident, since the 
oxygen concentrations in the make gas were always less than | 
per cent regardless of the quantity of oxygen fed to the reactor. 
The nearly constant percentage of carbon gasified for different 
throughputs is probably a function of the hydrodynamics of the 
unit. As the’ coal rate was increaséd the steam and oxygen 
were increased proportionately and, same slot sizes 
were used in all tests, the tangential wall’velocity increased with 
the increasing throughputs. Increased values of the tangential 
wall velocity result in smaller carbon particles having an equili- 
brium radius within the vortex. the radial velocity 
of the fluid in the vortex also increases with increasing throughputs 
and causes a larger-sized particle to leave the vortex. Calcul 
tions indicate that by keeping constant the. steam-coal-oxygen 
ratio, increasing the throughput from 40 to 80 Ib of coal per hy 
should decrease, the carbon conversion between 2 arid 4 per cent, 
This is within 


since the 


However, 


for the inlet slot conditions used in these tests. 
the experimental error of measurement. 

The carbon conversions range from 50 to 75 per cent for the 
oxygen-to-coal ratios that- are feasible for gasification, and this 
value js low when compared to the 95 per cent reported for the 
German Koppers dust process: However, as was noted pre- 
viously, the vortex was tested with a size consist of coal such that 
carbon conversions would be expected. With the cone- 
it was fqund impossible to operate -with a 


low 
type distributor, 
coarser coal. 

In some tests, gas samples were taken at different radii within 


- the vortex in an attempt to study the order in which the chemical - 


reactions take place. These data are plotted in Figs. 13, 14, 15, 
and 16, Although the data were taken for varying feed condi- 
tions, the differences in results cannot be explained by this alone, 
and probably were caused by irregular distribution of the coal in 
the voftex by the cone .distributor. Despite these differences. 
however, it appe: irs that: 


1 The oxygen reacts with volatiles in the coal and with the 
-carbon to form CO, and H,O, thereby minimizing tar formation. 
2 Only when the oxygen has been consumed does the steam- 


carbon reaction begin. 


There are several possible methods of increasing the carbon 
conversion in the vortex. _ A constant coal-feed rate and a uniform 
distribution of the coal appear to*be effective, and increasing 
the tangential velocity for the same throughput also-should in- 
crease the carbon conversion. the reaction of carbon 
with oxygen is extremely rapid and apparently goes to com- 
pletion, any method of increasing the rate of the steam-d¢arbon 
_and this ean be 


Since 


reaction will increase the carbon conversion, 
accomplished by having a higher density of carbon in the zone of 
the steam-carbon reaction. To accomplish this the coal must 
be fed near the center of the vortex 
One other possible method of increasing the carbon 


and be thrown out toward 


the walls. 
conversion appears to be ineréasing the depth of the vortex 
chamber. From Equation [29] (Appendix), which 
ofily the aerodynamics of the reactor, as the depth of the reaction 
is increased the size, of the particle, a, which will 
and the carbon conversion 


considers 


chamber, A, 
remain in the vortex becomes smaller, 
should be increased. In addition, inc easing A increases the time 
available for gasification and should aid in increasing the carbon 


conversion 
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Seyeral preliminary tests were made with the spinning-plate 
coal distributor in which the coal is introduced near the center 
of the This distributor was designed to 
increase the carbon density near the center of the reactor, to 


reaction chamber, 
increase the total path of the carbon particle, and to give more 
uniform coal distribution. Mechanical difficulties with the 
driving mechanism caused early shutdowns in every test, but 
the composition of the gas.was much improved over that ob- 
tained with the conical coal distributor, Further 
planned when the mechanical problems are overcome 


tests are 


CONCLUSIONS 


These tests confirm the assumption that from the knowledge 
of the feed conditions, heat losses, and the per cent carbon gasi- 
fied, the approximate composition of the gas produced can be 
predicted for this reactor. In these tests the carbon conversions 
were low, and the resulting make gas w as high in carbon dioxide. 
For a given set of feed ‘conditions any means of increasing the 
carbon conversions will improve the quality of the gas. In order 
“for this reactor to be commercially feasible the carbon conversions 
must be increased. 

The results of these initial tests show that the uniformity and 
the method of coal distribution strongly influence the amount 
of carbon conversion, the quality of the gas produced, gnd the 
maximum and minimum throughputs. The conical coal dis- 
tributor was unsatisfactory in that the coal was fed nonuniformly 
near the outer perimeter of the vortex. The few preliminary 
tests with the spinning-plate distributor suggest that these 
difficulties have been‘overcome. 


- PERRY, COREY, ELLIOTT—CONTINUOUS GASIFICATION OF PULVERIZED COAL 


Per Cent CO: 1n Dry Gas at Vartous Positions tn Vor- 


70 
Coal inlet 
60 LEGEND | 
+ Test 43, sample 3 | 
Test 43, sample 6 
; 50 © Test 42, sample | 
= @ Test 42, sample 2 
w & Test 37 
# 40 
30 
z 
° 


9 10 


3 
DISTANCE FROM WALL, INCHES « 


Fic. 15 Per Cent CO iw Dry Gas at Vartous Positions in Vor- 


TEX 


cane] 

. J 

60 
— 

50 LEGEND 
= + Test 43, sample 3 rt 
2 x Test 43, sample 6 | 

Test 4 1 
| 
” 
3 
6 
z 
N 
=x 


DISTANCE FROM WALL, INCHES 


Fic. 16 Per Cent Dry Gas at Various Positions in Vor- 


TEX 


Other possible methods of increasing the carbon conversion 
are available, i.e., (1) using a coarser size consist of coal with the 
spinning-plate distributor, (2) increasing the height of the re- 
action chamber, and (3) increasing the tangential velocities at 
constant coal rates, Further tests are planned with the new 
distributor when the mechanical difficulties have been overcome, 
and the effect of the foregoing variables on the carbon conversion 
will also be investigated 


Appendix 
NOMENCLATURE 
a = particle radius, ft 


b = settling velocities of particles, fps 
h = depth of vortex chamber, ft 

M, = mass of inlet gas, Ib per hr 

M, = mass of inlet gas plus coal, Ib per hr 
r = sadius at any point in vortex, ft 

R, = radius of vortex at inlet, ft 


t = radius of vortex at outlet, ft 


t = gasification time, sec 

u = radial velocity of gas at any radius r, fps 
U, = radial velocity at R,, fps 
U» = radial velocity at R:, fps 

v = tangential velocity of gas at any radius r, fps 
V, = tangential velocity at R,, fps 


V. = tangential velocity at fps 
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= volume of gas at Ri, cfs Ur 


2 = volumeofgasatR,,cis be 
= viscosity of gas in vortex, Ib th 
pry If the maximum-size particle permitted in the feed is 100 mesh ga 
— ‘then a = 0.000246 ft, and Equati becomes 
= density of coal, Ib per cu ft then a = 0.000246 ft, and Equation [14] becomes 
. U;r? 
PRoBLEM ConsIDEBED V.2 = 1.362 X 102 = [15] 
The following treatment is an extension of ‘the analysis by ae be 
Hurley” of the forces on a particle in a vortex. To illustrate But U, is equal to the inlet feed volume divided by the wall sp 
the application of the theory to the design of a vortex, a particu- area ' pl 
lar set of feed conditions will be considered as follows: 
100 lb per hr of oxygen| 600 F 2rRih qu 

Ib per hour of steam} [251 Fi 
100 lb Wyoming coal per hr—as ‘received 
Size consist of coal, 70 per cent through 200 mesh, 1-2 per cent on . as a 7 J 
100 mesh , ; Vi? = 21.7 

Inlet Conditions. The basic law of the ideal free vortex is the - 
conservation of angular momentum 
M,V,R, = MoV2R2......... [6] V, = 4.66 — [17] 
R, h 
rizontal forces on yarticle ny radius, r, in the 2 
To keep a 100-mesh particle off the wall r < R;, and this is true 
. for any value of R;. For the limiting case of R,, Equation 
: (4/3ra%q)v? [17] becomes 
Centrifugal force = [7] 
Viscous drag = 6ranu......... 
When the forces are balanced This equation is approximately true for any throughput if the 
; ratio of steam to coal to oxygen is 1:1:1, and, the steam- -oxygen 
mixture is at 600 F. The values of required at different 
2a*p throughputs and for different chamber depths are shown in Fig. 
From Equation [6] and for p = 130 lb per cu ft* . 
Vit = 3.46 x 10-2 (sy 
2 = 3.46 —— Vie 
Ra? \M, 
Using a viscosity which is the average for the inlet‘and out- & 
let conditions: » = 0.043 centipoises = 2.89 & 10-5 Ib/sec-ft. = 
For the selected feed M, = 200, and M, = 200 + 100 = 309 e mai 
Ib and Equation [10] becomes = of t 
ur 
- Vi? = 2.25 X —....°...... . fll 
3 1 
If no change in temperature or total number of moles of gas = {19 
<= 
: occurred in the reactor, by a material balance across cylinders = | 
| | 
For this feed there are 8.7 moles of gas per hr at the inlet and Fic. Requirep TaNcentiaL VELociTy As A FUNCTION OF diffe 
14.1 moles of gas per hr at the outlet. The average is 11.4 PuRovGuput at Dirrerent CHamper Deprus slot: 
_ moles perhr. The temperature change is from 1060 R to 2960 R, . . slot 
therefore For the feed conditions selected, i.e., 100 Ib per hr each of coal, velo 
ee ‘ ‘ oxygen, and steam, and with the ies im and oxygen at 600 F, A 
— x = UiR: = 3.66 UiR,........ [13] Z, = 1.865 efs, and from Equation [18] thes 
This correction for the change in the number of moles will be [19] 
approximately the same for any set of feed conditions suitable . 1 ~ _ Vi in 
for gasification, and the correction for temperature change will The value of R; cannot be determined from this relation, but a vari: 
depend largely upon the amount of steam preheat. 
FP E n 1[13 value can be established if the outlet conditions are considered pror 
rom Equations [ Jand (to.be mentioned). a wide 
10 “Some Factors Affecting the Design of a Small Combustion Any value of h may be chosen for the selected feed conditions if were 
Chamber for Pulverized Fuel,” T. F. Hurley, Institute of Fuel, vol. 4, the tangential velocity, at the wall, V,, required to satisfy Equa- the | 
1931, p. 243. aw : tion [19] can be obtained with-the reactor. However, other desis 
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physical factors determine h. The depth of the chamber must 
be such that the particle will leave the chamber before it reaches 
the vortex floor. The settling velocities of the particle and the 
gasification time must be known since then 


The settling velocities, b, of coal particles of various sizes can 
be calculated from Stokes’ law if the particles are assumed to be 
spheres and the viscosity of the fluid is known. These values are 
plotted in Fig. 18 for a viscosity of 0.043 centipoise. 

The estimation of gasification time is more difficult. From the 
little available data a value of 0.5 to 1.0 sec appeared to be ade- 
quate. The design figure actually used was 0.70 sec. From 
Fig. 18 the settling velocity of a 100-mesh particle is approxi- 
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Fig. 18 Vetociry or Coat Particies 


mately 1 fps, and, using a gasification time of 0.70 sec, the height 


of the chamber becomes 


h = (1) (0.70) = 0.70 ft @ 8in........... [21] 

The required value of V; can now be calculated from Equation 
. 

6.36 
Vv, = = 78 fps.............. [22] 
V 0.67 

A series of tests were made to determine the values of V, for 
different throughputs and for various arrangements of the inlet 
These data were required since it was found that different 
slot arrangements resulted in markedly different tangential wall 
velocities even at the same throughput. 

A vortex with R,; = 1 ft, h = 2/; ft, and Ry = '/¢ ft was used in 
these tests. The values obtained for different slot: sizes and 
shapes and at different throughputs are plotted in Fig. 19. If 
the loss in energy in the fluid expanding from the slot ‘into the 
vortex chamber were a pure expansion loss then it would be 
directly proportional to the throughput. In this case other 
variables must be involved since the tangential wall velocity is 
proportional to Z,°-* for all 3/s-in-wide slots, Z,°-” for !/,-in- 
wide slots, and Z,°-* for the */s-in-wide slot. Sufficient data 
were not obtained’to develop an empirical equation to fit all of 


slots. 


the experimental data, but enough information was obtained to 


design the slots for the V, values used in these tests. 
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TANGENTIAL WALL VELOCITY, V), FEET PER SECOND 


02 03 40506 1 2 
GAS THROUGHPUT, Z, CU FT PER SECOND 


Fic. 19 Watt VeLocity as Function or Gas 


THROUGHPUT 


TANGENTIAL 


Outlet Conditions. For the féed conditions selected there are 
approximately 14 moles of gas leaving the reactor at 2500 F. 
To calculate the particle size that will just leave the reactor, 
i.e., 7 = R, from Equation [6] 


200 VR; 
= — 
and since 
@ {24] 


therefore 


At the outlet » = 0.06 centipoise = 4.03 & 1075 lb /see-ft. 
A particle at the outlet is subject to the same forces as a particle 
at the inlet so that from Equation [9] 


2 arp 


9 (4.03 X 10-8) 1.337 


a= - 
2 130 


1.863 1075 
Ave? 
and from Equation [23] 


1.86 1075 
a? =| ———_—_ 
(h) (0.667)? 


2.05 10-8 
a= 
VAY, 


From Equation [19], VhV, = 


6.36 so that 


> 
‘ 


a = 3.2 


I 
2X 10-* 


Thus the smaller the ratio R:/R; the smaller will be the par- 
ticle-that will just leave the vortex, and the higher will be the 
carbon conversion. To operate the vortex at atmospheric pres- 
sure, a value of R, greater than 1 in. is required, and a value of 
2 in..was found to be more satisfactory. Thus when R, = !/¢ ft 
then when 


R, = 0.5 ft 
a = 1.072 X 107‘ ft 


1.5 ft 
0.358 ft 


1.0 ft 


0.537 X 10-4 ft 


Since 
3 


the weight of carbon leaving the reactor is proportional to 


a‘, increasing the value of R; to greater than 1 ft decreases the 
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weight per cent of carbon leaving only slowly. Thus a value of 
R, = 1 ft was selected. 

’ From the use of both inlet and outlet conditions, the vortex 
designed for feed conditions of 100 Ib per hr each of coal, oxygen, 


and steam had 
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and required V; = 7.8 fps. The final slot arrangement, 9 slots 
each */s in. X 8 in., was selected to give the maximum values of 
V,. For the feed conditions selected and at the temperatures 
at which the steam-oxygen mixture pass through the slots, Vi 
should be approximately 6.5 fps. Although this value is slightly 
lower than that required by the calculations, it was the maximum 
value obtainable using any of the slot arrangements tested, and 
it appeared tq be satisfactory in view of the factors of safety i in 
‘design used in ec: ale ul: ating the values of V; required. * 
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This paper illustrates the application of high-rating 
compact surfaces of the plate-fin-type to the regenerator- 
design problem for typical gas-turbine cycles. Comparisons 
are made with designs employing circular tube surfaces 
one inch and one-quarter inch in diameter. 


NOMENCLATURE 


The following nomenclature is used in this paper: 


! Professor of 


heat-transfer area, sqft 

free-flow area, sq ft . 

nonflow dimension of heat exchanger, ft 
plate-metal thickness or tube wall thickness, ft 
gas-flow dimension of heat exchanger, ft 

plate spacing, ft 

air or gas capacity rate,C = We, Btu/(hr)(deg F) 
air-flow dimension of heat exchanger, ft 

specific heat at constant pressure, Btu/(Ib deg F) 
inside diameter of tubes, ft 
outside diameter of tubes, ft 

Fanning friction factor, dimensionless 


mass velocity, G = : = Vp Ib/(hr)(sq ft) of A, 

proportionality factor in Newton’s second law, g ‘= 32.2 
lb ft/#sec? 

unit conductance for thermal convection heat transfer, 
Btu /(hr ft? deg F) 

contraction loss coefficient for flow at heat-exchanger en- 
trance, dimensionless 

expansion loss coefficient for flow at heat-exchanger exit, 
dimensionless 

thermal conductivity, Btu/(hr sq ft deg F/ft) 

flow length used in the definition of hydraulic radius, ft 

number of passes in multipass cross flow heat exchanger, 
dimensionless 

pressure, psi, psf 

Reynolds number, dimensionless 

hydraulic radius, rx, = a ft 

temperature, deg R 

temperature, deg F 


= unit over-all thermal conductance, Btu/(hr ft? deg F)(sq 


ft) of A, 
heat exchanger total volume, cu ft 
velocity, fps 
specifie volume, cu ft/lb 
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The Gas-Turbine Regenerator—the Use 
of Compact Heat-Transfer Surfaces — 


By A. L. LONDON! anv W. M. KAYS,? STANFORD, CALIF. 


specific flow rate, lb /(1000 shp-hr) 
longitudinal tube-bank pitch, dimensionless 
transverse tube-bank pitch, dimensionless 


= ratio of total transfer area of one side of exchanger to total 


volume of exchanger, ft?/ft* 


= ratio of total transfer area of one side of exchanger to 


volume between the plates of that side, ft?/ft® 


= fin metal thickness, ft 
= with P denotes inlet minus outlet pressure difference 


heat-exchanger effectiveness, a function of (NTU, C,/C 
flow arrangement), dimensionless 


over-al] temperature effectiveness of plate-fin heat-ex- 
changer surface, dimensionless 

density, lb/ft? 

ratio of free flow to frontal area, dimensionless 

viscosity, Ib/(hr ft) 


Dimensionless Groupings 


Ns: = Stanton’s number, (h/Gc,), a hea, transfer modu- 
lus 

Ne, = Prandtl’s number, (ue,/k), a 
modulus 


fluid-properties 


NatNpr’* = generalized heat-transfer grouping. This factor 


versus R defines the heat-transfer characteris- 
tics of the surface 


R = Reynold’s number, (47,G/u), (D,G/«) 
f = Fanning friction factor. This factor versus R de- 
fines the friction characteristics of the surface 
NTU = Number of heat-transfer units, (AJU/C,) 
« = heat-exchanger effectiveness, a function of (NTU 
(,/C,, flow arrangement) 
Subscripts 


a 


= alr-side condition 


qd = gas-side condition 

f = film average condition 

1 = fluid entrance condition to heat exchanger 
avg = average fluid condition 


° 
Miscellaneous 


a 
=> 


= pounds mass in distinction to 
= pounds force 
= approximate equivalence 


INTRODUCTION 


The high-eflicieney gas-turbine plant, unlike other prime-mover 
systems, requires a design philosophy of close attention to details 


in all respects. 


This insistence on optimum design is mandatory 


because operation at temperatures approaching metallurgical 
limits, large specific flow rates (Ib/shp-hr) of the working sub- 
stance, the high “back-work”’ input to the compressors multiply- 
ing the cost of flow-friction power, are all coupled with the re- 


quirement of a compact machinery arrangement. 


The require- 


ment of compactness is a major consideration in the transporta- 


tion application of the gas-turbine plant if its basically lightweight 


aspect is to be capitalized upon. 


During the present pioneering development of the gas-turbine 
system, relatively little attention has been devoted to the heat- 
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TABLE 1 COMPARISON OF AREA-VOLUME RELATIONS FOR 
SOME HEAT-EXCHANGBR SURFACES 

Area/volume (ft?/ft*) 
Outside 


exchanger components—primarily the regenerator. However, 
for a gas-turbine plant having a specific fuel consumption over a 
fairly wide load range romparable to that of a steam plant, a re- 
generator of considerable specific transfer area is requifed. For 

instance, in an open-cycle plant such as described by Soderberg, 

Smith, and Scott (7), a transfer area of the magnitude of 3 to 4 (xe = 2, 2, = 1, Di, 

sq ft/shp rating is needed: This requirement is several times that 
of the boiler plus condenser of a steam power plant. It is evident, 


l-in-OD circular tubes....... 


therefore, that if compactness and lightweight are to be realized, . : 
boiler or condenser-type surfaces cannot be used. As an illus- 

tration of a practical result of the application of such surfaces, The 
reference (8) describes a 5000-kw gas-turbine plant for central- i rates, 
station application. The regenerator of 75 per cent effectiveness, ; transf 
consisting of 1-in-diam tubes providing about 3.9 sq ft/shp, has a fer an 
weight of the order of 21 lb/shp plant rating. While this mas- foray 
siveness and its concomitant cost and bulk may be admissible in a ing th 


a: D=1.OO INCH 


conservatively designed central-station-type plant, it cannot be 
b: D-O. 25/NCH 


extended to the transportation-type prime mover. 

This discussion emphasizes the ultimate necessity of the de- 
velopment of types of heat-transfer surfaces for the regenerator 
having substantially higher area-to-volume ratio characteristics 


SURFACE !-iNSIDE TUBES 
SURFACE 2-OUTSIDE -TUBES 


where 


than conventionally used boiler and condenser-tube banks. Thus - The 
attention is directed to the use of either small, circular, or flat tube fer rat 
surfaces of the order of !/,-in. hydraulic diameter, or else extended by the 
surfaces. In the latter case it will be necessary to have a type of tio of ¢ 
construction allowing extended area on both the hot and cold gas let-hot 
sides since each heat-transfer film resistance is of thé same order tivene 
of magnitude, and the coefficients are sufficiently low to permit heatin 
satisfactorily high “temperature effectiveness ’’for the fin surfaces. The 
To illustrate the wide variance in inherent compactness of dif- times | 
ferent surfaces, Table 1 compares the area-to-volume ratio of the For th 
several types of surfaces described in Fig. 1. The 10:1 difference 
for plate-fin surfaces as compared to the 1-in-diam tubes and the 
2.3:1 comparison even with !/;-in. tubes ‘s sinking and demon- 0.375 IN. 0.25 IN. 
strates the basic advantages of the extended surface. : VARIABLE FIN AN VARIABLE FIN 
The aircraft is somewhat akin to that of TABLE 2) (SEE TABLE 2) 
the regenerator, as gas-to-gas heat transfer exists and the require- 
ments of compactness and lightweight are paramount. Here, (Refer to Table 2 for further details of geotnetry and Fig. 4 for basic heat- 
both the extended plate-fin and tubular direct surfaces are com- transfer and flow-friction data.) 
petitive, but it has been necessary to resort to '/,-in-diam tubes- 
overall pestermance of extended signed for the same performance. The other two questions can 
faces. This experience is probably indicative of the competition ae be answered categorically at this stage, but several points of ry 
that will exist in the regenerator application for the open-cycle "terest will be considered. 
gas-turbine plant. . i ; Heretofore, comparative studies of this character were impos- - 
While manufacturing methods are available for constructing sible because of the lack of basic heat-transfer and flow-friction 4 « 
tubular surfaces into high-temperature heat exchangers, such is data for surfaces other than circular tubes. Under the sponsor- 
Heretofore, these have beet ship of the U. 8S. N. Bureaus of Shipsand Aeronautics, and the Office 
used primarily in the aircraft intercooler and/or air-conditioning of Naval Research, however, basic data have recently been made 
fields, and the production ‘methods for low-temperature service ‘available for a number of variations of the plate-fin type of sur- 
cannot be directly extrapolated to the high-temperature regetiera- . face of Big. 1 (1, 2, 3, 4, 5, 6). 3? 
‘tor application. Therefore there is a question as to whether or REGENERATOR Desicn ConsIDERATIONS 
not the development of methods of high-temperature fabrication The w 
: : “he primary considerations influencing regenerator design may 
is worth’the major effort it will undoubtedly require. A response be summarised as follows: (1) manufacturin cit hie o 
: ariz Ss: ) manuf: g and cost limita 
to this question requires the prior technical answer to the follow- (2) and 
, (2) m: aning requirements, (3) mechani 
a cal-design problems inc)uding a thorough consideration of thermal Ww 
1 What are the advantages in shape, size, and weight of the stresses, (4) weight, space, and shape limitations, (5) allowable = 
extended as compared to the direct-surface regenerator? flow-friction limitations, and (6) desired exchanger heat-transfer o 
2 Can extended surfaces be cleaned, and will the fouling rates _ effectiveness. : : > 
be excessive? ; As indicated in the introduction, only items 4, 5, and 6 will be i 
3 Will the extended surface be less expensive assuming that — ¢onsidpred in any detail] in this paper. This will be accomplished 
manufacturing methods can be developed? in the following manner: : ) 
It is the objective of this paper to answer the first question by 1 Several gas-turbine cycles will be selected for consideration. 
comparison of extended and direct-surface exchanger cores de- .2 Several different types of the extended and direct surfaces 
: ini in parentheses refer to the Bibliography at the end of the * will be specified along with their basic heat transfer-flow friction Fic. 2 


paper. 


characteristics. 
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3 A nominal per cent pressure drop for hot-side plus cold-side 
flow friction will be specified for each cycle under consideration. 
4 °A heat-transfer effectiveness also will be specified for each 


EXCHANGER PERFORMANCE 
On this basis estimates will be made of the size, shape, and weight ‘ EFFECT OF Cm/Cmox 


of regenerators utilizing the different surfaces. A critical com- 
parison will then follow. 7 


: HEAT-TRANSFER AND Fuow-FrictTion 

The exchanger-flow arrangement, the heat-transfer area, flow 
rates, exchanger effectiveness, and over-all conductance for heat 
transfer from the hot to-cold gas sides are related by.heat trans- | 
fer and thermodynamic considerations. The resulting relations a L | | 
for a particular flow arrangement may be e xpresse od in a form us- COUNTERFLOW 
ing the following dimensionless groupings 


Cc 
NTU, 
€ of U 4) 


where ¢ denotes a functional relation. . 
- The exchanger effectiveness « compares the actual heat-trans- 
fer rate in the exchanger to the maximum possible rate as limited 
by thermodynamic considerations. This is equivalent to the ra- 
tio of actual cold-air temperature rise to the difference between in- 
let-hot-gas and inlet-cold-air temperatures, that is, the effec- 
tiveness compares the actual to the maximum possibility for air 
heating. 
The capacity-rate ratio, C,/C,, compares the mass-flow_ rate | 
times specific-heat capacity product of the cold and hot streams. ! 2 s 5 


For the regenerator application, because of the small contribution NO. OF TRANSFER UNITS, NTUmox*AU/Cmin 


@ 


CROSS— FLOW 

BOTH FLUIDS UNMIXED 
Cmin/Cmax= 0.9 
Cmin/Cmax = !.0 


o 
(2) 


(2) 


EFFECTIVENESS € % 


temperature, C,/C, is of the order of 0.96 to 0.98. 

The number of heat-transfer units, NTU = AU/C,, is a di- 
mensionless expression of the “heat-transfer size’ of the ex- 
changer. Note that the NTU is defined in terms of the minimum 
‘capacity rate (C, < C,). 

7" 2-PASS Fig. 2 gives Equation {1] in graphical form for a number of flow 
ARRANGEMENT x” arrangements, and the condition that C,/C, = unity, a condition 
RLUSTRATES ; (We) approximately satisfied in the regenerator. The influence of ca- 

Se0u8 S08. * pacity-rate ratio is shown in Fig. 3 for C,/C, both unity and 0.90. 

Any intermediate condition can be established by interpolation. 
Flow pressure drop through the exchanger can be determined 

from the following relation 


entrance effect flow accel- 


eration 


y= Vavg = (1 K,) ‘ [2] 


A 


core ‘‘skin”’ exit effect 
friction 


EFFECTIVENESS % 


The terms associated with the flow contraction on entrance to 
40 the core, the flow acceleration or deceleration due to the heat- 
2 3 a 5 


Fic. 3° Inrivence or Capacity-Rate Ratio oN REGENERATOR 
EFFECTIVENESS 
MULTI-PASS CROSS- COUNTER (For the gas-turbine system Cair/Cgas = Cmin/Cmax = 0.95 to 0.98.) 
EXCHANGER Gmin / Cmox® 
transfer influence on density, the friction within the core, and the 
NO. OF TRANSFER UNITS, NTUmox* AU/Cmin pressure recovery on flow expansion at exit are all indicated in~ 


UNMIXED FLOW WITHIN PASSES of fuel to the hot-gas rate and the slightly higher specific heat with 
Fic. 2. REGENERATOR Errectiveness—Numper or Heat-Trans- Equation [2]. For multipass arrangements, losses in return 


FER Units RELATION headers must be accounted for separately. 
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The carrect average specific volume to be used in the indicated 
skin-friction component is 


Vavg = 4 / vdA 


For the sensibly unity magnitude of C,/C, in the regenerator, 
flow temperatures vary linearly with transfer area, A. 
good approximation 


Thus toa 


where avg, Pavg are the arithmetic average of the terminal mag- 
nitudes. 

For the heat-exchanger comparisons of this paper, a simplifica- 
tion of Equation [2] is employed by using nominal magnitudes for 
K,, K,, ¢, and v2/v, terms in the brackets. The result is for the 


hot-gas side 
A Pi Tove 
P, 29 P, A Pave Ti 


and for the cold-gas side 


Pisa A, Pave T1 

For the hot side, the entrance effect tends to cancel the influence 

of both the flow exit and flow deceleration pressure rises, but for 

the cold-gas side, flow acceleration on heating adds to the entrance 

pressure drop. This consideration accounts for the difference 

between Equations [5] and [6]. In any event, as the.core friction 
P; 

term ( A.Pwe Ti 

sure drop is not markedly influenced by the other flow effects. 


The total regenerator flow-friction work éxpenditure is propor- 
tional to 


is of the order of 15 to 50, the over-all pres- 


. P, total P, a P, 


for a given cycle and a given operating pressure ratio. This frac- 
tion pressure drop is simply related to either the additional com- 
pressor work requirement or the diminution of turbine work 
arising from flow friction. A one percent pressure drop on the air 
side causes just as much “‘loss”’ as one per cent on the gas side. 

With respect to the distribution of friction losses on the air and 
gus sides, the following general comments can be made: 

If the plant is to be operated primarily at full load, an approxi- 
mately equal distribution of flow-friction work is desirable, i.e. 


(AP/P,),/(AP/P,), = 0.7 — 1.5 


as it tends to result in minimum regenerator volume. Should high 
part-load efficiencies for the plant be desirable, however, the re- 
generator designs should tend toward 


< 0.25 


at full load. This conclusion stems from the fact that while the 
hot-side density is relatively constant with load for the open-cy- 
cle plant, the air-side density decreases markedly as pressure ratio 
is decreased. The consequence is, while the gas-side loss in terms 
of plant specific fuel consumption tends to remain fairly constant, 
the air-side loss increases strongly as load is decreased. Thus if 
(AP/P,), controls at full load the total loss will remain fairly con- 
stant rather than have an undesirable rising characteristic with 
decreasing load (7). 


TRANSACTIONS OF THE ASME 


Heat-TRANSFER SURFACES 

Only four fypes of surfaces will be considered in this paper: 
(1) flow inside circular tubes, (2) flow normal to circular-tube 
bundles, and (3), (4) two plate-fin surfaces, Fig. 1. However, 
each surface is susceptible to considerable variation as by chang- 
ing fin and plate spacing and tube diameter. The specific varia- 
tions in this respect are summarized in, Table 2 as la, 2b, ete. 

For the circular tube surfaces, in all cases specifically consid- 
ered here, the hot gas flows normal to the tubes and the cold air 
within the tubes, as this arrangement resultsin a minimum weight 
and volume regenerator. The effect of interchanging the flows, on 
the shape of the core, will be considered later. 

The basic’ heat-transfer and flow-friction data for each of the 
four surfaces are presented using the usual dimensionless plots of 
NaNpr and f versus Reynolds number, R, in Fig. 4. Only for 
circular tube surfaces, Nos. 1 and 2, Fig. 1, is exact geometrical 


T 


| 


ay 


008 SURFACE 


uy, 7 


8 
(h/GG,)N 


10 15 20° 30 40 50601801100 150 200 


Fic. 4 Basic Heat-TrRaNsrer Flow-Friction Data ror THE 
SurRFAcES OF Fie. | 
denotes f characteristic; 
teristic. 
(Data for surfaces Nos. 3 antl 4 from references (2, 3), 
1 and 2 from reference (10)]. 


denotes charac- 


and for surfaces 


similarity maintained for all the variations. Nevertheless, for 
surfaces 3 and 4, even though complete geometric: simitirity is 
not maintained, thie use of a single Vs; pr’? versus Rand a single f 
versus R characteristic for each surface does not introduce serious 
error. This references (3, 4, 5) 
which show an excellent heat-transfer correiation for the different 
fin spacing with Reynolds number based on the flow hydraulic ra- 
dius, 


has been demonstrated in 


The f correlation is not as good but the departure from 
the average characteristics shown in Fig. 4 is less than 15 per cent. 
Gas-TurBINE CYCLES 

Four distinet gas-turbine eveles are included in this regenerator 
design survey: 

1 Cycle (A) is an open cycle with a 9:1 pressure ratio, 90 per 
cent intercooling and,75 per ¢ent regeneration with (AP/P, total 
< 3 percent. Such a system, designed for central-station power 
generation, is described in reference (8). 
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2 Cycle (B) is a closed cycle identical with cycle (A) except 
that the pressure levels are increased by a factor of four. : 

3 Cycle (C) is an open-cycle system designed for a locomotive 
application with a 4.8:1 pressure ratio, no intercooling, and about 
60 per cent regeneration with (AP/P;)totai < 5 per cent. A simi- 
lar system is described in reference (9). ; 

4 Cycle (D) is an open “exhaust-combustion” cycle of 3:1 
pressure ratio with 75 to 80 per cent regeneration and ( AP/P,;) total 
<7 percent. This system (11) is of possible interest in the coal- 
burning-locomotive application. All the thermal energy provided 
to the turbine working substance after leaving the compressor 
comes from heat transfer in the regenerator. The turbine ex- 
haust air is combusted with the requisite amount of fuel and is 
then fed into the regenerator before exhausting to the atmosphere. 
The basic advantage of this cycle for the coal-fueled plant is that 
the turbine working substance is clean air and not’the products 
of combustion with attendant fly-ash erosion and fouling prob- 
lems. 

The operating conditions for the regenerator for these cycles 
are summarized in Table 3, giving the inlet state for hot and cold 
gases—pressure, temperature, and specific volume; the nominal 
average gas properties used in the heat-transfer friction calcula- 
tions—viscosity,. unit heat capacity, and Prandtl’s number, Npr; 
and the capacity rate ratio, C,/C,, together with the specific air- 
flow rate, W, lb/(1000 shp-hr). 


GEOMETRIGAL RELATIONS 


Asa preliminary to the consideration of the results of the analy- 
sis for core shapes for the different regenerator applications, cer- 
tain readily derivable geometrical relations first will be estab- 
lished. These equations relate core dimensions and volume, the 
free flow:frontal area ratios for the two sides, the flow mass veloci- 
ties, and the specific flow rate, W lb of air or gas/1000 shp-hr. 
The air and gas-flow dimensions are independent of the plant 
rating but the nonflow dimension (or dimensions for true counter- 
flow) is, of course, directly dependent on plant rating. The more 
olyvious relations for single-pass crossflow, 2-pass cross-counter- 
flow, and true counterflow are summarized in Fig. 5. This illus- 
tration also defines the nomenclature specifying over-all core ge- 
ometry. From these relations follow directly 


For any number of air-passes, n, in a cross-courterflow ar- 
rangement (single-pass on gas side) 


a= 
V G, 


( ) 
nv ] 


For,a true counterflow arrangement 


The conclusions to be drawn from these relations are as follows: 


1 Counter and single-pass crossflow cores will have about the 
same air-flow dimension, c. F 

2 Counterflow cores can be designed for any nonflow dimen- 
sions, a or b, only satisfying the (ab) product requirement given 
by the first of Equations [8]. 

3 For any number of passes in cross-counterflow, as long as all 


the passes are on the air side, the gas-flow-dimension is invariant 
with n, but the air-flow dimension varies inversely and the non- 
flow dimension directly with the number of passes, n. 

4 If the nonflow dimension tends to be too-large for a par- 
ticular regenerator application, counterflow will give the best 
shape with single-pass crossflow next. 

5 For the crossflow arrangements, the nonflow dimension 
may be reduced by (a), reducing the number of passes, a« n; 
(b), reducing the specific flow rate, ax W?; (c), increasing the 
volume, ax«1/V; (d), maximizing the mass velocities G,,G,; 
(e), maximizing the product. 

In this last respect, 5(e), not too much can be accomplished 
directly inasmuch as ¢, + ¢, 20.9." Consequently, ¢, can vary 
from 0.3 to 0.6 with no marked, change in the 74°09, product. 
However, for the extended surfaces in particular, the o magni- 
tudes can have an important influence on transfer area per unit 
volume,’ hence on fotal volume, V, and as a result, indirectly 
on the nonflow dimension a. 

As crossflow cores tend to be better adapted to machinery 
arrangements as compared to counterflow, and since the plate- 
fin surfaces to be considered are more readily formed into cross- 
flow cores, no further consideration of -counterflow will be at- 
tempted in this paper. Additionally, since the air-flow length 
tends to be considerably greater than the gas-flow length because | 
of the great differences in density, in the specified n-pass arrange- 
ments all the passes are on the air side. It is possible to arrange 
for multipasses on the gas side as well, without a fundamental 
change in the relative flow geometry, as pictured in Fig. 5, fora 


- SINGLE-PASS CROSS-FLOW 


GAS: We:GeG-C-de LBS/I000 SHP-HR 


AIR: Wa® 
LBS./1000 SHP-HR 


TWO-PASS CROSS-COUNTER-FLOW 
GAS' We = LBS./I000 SHP-HR 


AIR: Wa= Ga O-Dds LBS4IO00 SHP-HR 
2 
b 


b 
a 
a 9 


TwO PASSES, AiR OWLY TWO PASSES, BOTH FLUIDS 


TRUE COUNTER-FLOW 


GAS 
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Fig. 5 Description or Core GEoMETRY 
(See Equations [7] and [8].) 


However, this 
expedient just results in a further increase in the nonflow dimen- 
sion with the somewhat doubtful advantage of a decrease in an 


core with two passes on both gas and air sides. 


already small gas-flow dimension. 
The foregoing considerations together with the data for the 
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GAS-TURBINE REGENERATOR 


LONDON, KAYS 
CYCLE A - ARRANGEMENT 
(" TUBES, GAS OUTSOE, AIR INSIDE 
VOLUME + 1485 ft's 1000 snp 


WEIGHT 5385 ibs/i000shp 
NTU 3.41 *2.68% 
140 


4 CYCLE A - ARRANGEMENT 
TUBES, GAS OUTSIDE, AIR INSIDE 


© 673/:000 


1.013 71000 


"2 


VOLUME 3675 ft’/1000shp 
WEIGHT (334 ibs/1000 shp 
NTU +478 (aP/P)rem* 269 % 
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VOLUME = 9.75 se WEIGHT 656 Ibs /i000 sxe 
NTU + 3.52 wera, * 233% 
(aP/P, 0.195 
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AIR SIDE ~- SURFACE 40, 7 INCH PLATE SPACING 

6 FINS PER INCH, INCH LOUVERS 
GAS SIDE- SURFACE 3c, % INCH PLATE SPACING 

FINS PER INCH 
VOLUME = 863 axe WEIGHT +594 Ibs sxe 
NTU « 347 213% 
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I" TUBES ,GAS OUTSIDE , AIR INSIDE 
VOLUME = 56.7 ft’/1000 shp 
WEIGHT = 2060 Ibs/1000 shp 
NTU = 3.09 (4P/P),.... 2.67% 

(a P/P), /AOP/P), = 0.1125 
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CYCLE B —ARRANGEMENT “2. 
1/4" TUBES , GAS OUTSIDE , 
VOLUME = 


WEIGHT = 
NTU = 3.35 
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398 Ibs /1000shp 
(AP/P),.,,, 2.59 % 
(AP/P), = 0.0508 
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AIR SIDE - SURFACE 3c, 1/4 INCH PLATE SPACING 
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NTU + 1.985 (AP/P Dror % 
“(aP/P), 0 583 
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1 86'/1000 shp € = 620% 
ARRANGEMENT “1 
AIR SIDE SURFACE 30, 1/4 INCH PLATE SPACING 

6 FINS PER INCH 
V2 INCH PLATE SPACING 

12. FINS PER INCH 
* 86.3 ft’/i000shp WEIGHT 5596 IDs sho 
514 (AP/P * 671% 
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(Refer to Tables 2, 3, and_4_for furtherJdetails of surfaces and cperating 
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specified surfaces were employed to design thirteen regenerator 
cores. Four heat-transfer surface variations were used for 
Cycle (A), the 9:1 pressure ratio central-station-type plant. 
Five surfaces were considered for the closed-cycle plant (B). 
Two surface variations were selected for each of the locomotive- 
plant cycles, (C)and(D). All designs for a particular cycle were 
made for approximately equal heat-transfer effectiveness and 
total per cent pressure drops as specified in Table 3. Devia- 
tions from uniformity in this respect arise from the necessary 
trial-and-error successive approximation method of calculation 
characteristic of heat-exchanger design. The tedium of attaining 
exact equivalence was considered not to be worth the effort. 

These thirteen designs are shown in Fig. 6. More detailed in- 
formation with respect to film coefficients, mass velocities, 
Reynolds numbers, temperature effectiveness of extended surfaces, 
ete., are summarized in Table 4. 

From these comparisons the following factors are most strik- 
ingly evident: 


1 One-inch tube regenerators weigh 3 to 5 times as much as 


1/-in, tube or extended plate-fin surface regenerators. 

2 One-inch tube designs have the smallest nonflow dimension 
for a given number of cross-counterflow passes. However, the 
other dimensions are so large that the volumes are 4 to 8 times as 
great as the other designs. 

3 For small flow frictions, i.e. (AP/Pi)wtai < 3 per cent, the 
plate-fin surfaces have the following advantages relative to the 
‘/-in. tube surface: (a) smaller volume, by 10 to 15 per cent, 
(b) smaller nonflow dimension, by 10 to 60 per cent. However, 
the weight is greater by 20 to 60 per cent. 

4 For large flow frictions, i.e. (AP/P)wwi > 5 per cent, the 
‘/ein. tube surface has the advantage of (a) smaller volume by 
30 per cent, (6) smaller weight by 20 to 50 per cent. However, 
even here the nonflow dimension is substantially poorer by 20 
to 30 per cent as compared to the plate-fin surface. : 

5 Low-effectiveness regenerators, i.e., cycle (C), although of 
considerably smaller volumes, tend to have large nonflow dimen- 
sions. Reference to Equation [7] will demonstrate the reasons. 
The combination of smaller volume and the*characteristicall) 
higher specific flow rate, W, combine to give a larger nonflow 
dimension in spite of larger mass velocities permitted by the 
higher friction allowance. 

6 In the exhaust combustion cycle (ID), as the effectiveness 

« must be high and since the specific flow rate is large, the volume 
of the exchanger is inherently quite large, e.g., 70 to 90 cu ft/1000 
shp as compared to 30 to 40 cu ft/1000 shp for evele (A). To 
fit the requisite exchanger into a locomotive cab for ratings 
greater than 2000 shp will necessitate the use of small tubes 
(*/, in.) or extended surfaces. 
7 The regenerator volume in the closed-cycle plant (B) is 
only 25 to 30 per cent of that for the comparable open cycle (A). 
Most of this reduction of volume is realized by a much smaller 
nonflow dimension. In turn this means much better regenerator 
shapes for the large-capacity closed evcle as compared to the 
open-cycle system. 

8 Contrary to general’ opinion, the extended surfaces of the 
‘plate-fin type, even when made of thin sheet (0.010 in.) and low 
thermal conductivity material (4 = 12 Btu/(hr sq ft deg F 
ft) characteristic of high-temperature alloys), will have a fairly 
high temperature effectiveness on the order of 70 to 80 per cent, 
that is, the plate-fin surface per unit area will transfer 70 to 80 
per cent as much heat as a prime or direct surface operating with 
the same temperature and film coefficient) conditions. This 
conclusion also holds for the closed-evele plant even with the 
much higher film ‘coefficients, h,, h,. 


These designs, Fig: 6, are not necessarily of “optimum” shape 


GAS-TURBINE REGENERATOR—USE OF COMPACT HEAT-TRANSFER SURFACES 619 


for the particular surface selected, because optimum conditions 
depend on the machinéry arrangement and rating of the plant in 
question. However, it is believed that the geometries shown 
will yield a qualitative idea of what can be accomplished with 
the different surfaces considered. 

For the circular tube surfaces with interchanged flow, i.e., 
gas inside and air flow normal to the tubes, calculations for 
several examples yielded the following comparisons with the 
comparable gas-inside-of-tube systems: (1) volume is increased 
by 20 per cent, (2) the nonflow dimension is essentially unchanged, 
(3) the gas-flow dimension is almost exactly doubled, (4) the air- 
flow dimension is almost exactly halved, and (5) the gas- 
side velocities are increased two and a half fold and the air-side 
velocities are reduced three and a half fold, " 


FouLinG CHARACTERISTICS 
The foregoing designs incorporated no allowance for fouling. 
Until more is known about this behavior for the different surfaces, 
to include such a factor might be conservative but would be very 
much guesswork. Cognizance was taken of the problem, how- 
ever, to the extent that for all the gas-side plate-fin surfaces of 
the open-cycle plants (A), (C), and (D), plain fins were used in 
preference to louvered fins, the opinion being that louvered sur- 
faces would provide edges for the accumulation of soot deposits. 
The plate-fin surfaces on the gas side operate with somewhat 
higher average and maximum velocities than the tube surfaces 
with air flow inside the tubes. Also, there are no low-velocity 
regions except of course for the boundary layer. Consequently, 
it is believed that the plate-fin surfaces will have a reduced 
fouling tendency. In fact, the high velocities (50 to 70 fps) and 
the smooth passage walls may provide a continuous soot-blowing 
action. In any event, mechanical cleaning of the gas side will 
not be feasible for either '/,-in. tube surfaces or for the plate- 
fin surfaces. In all probability water or chemical washing 
methods must be employed. 
One advantage of interchanging the flow for the circular tube 


> surfaces, Which may outweigh the cost of increased volume, is that 


for gas flow inside the tube the gas velocities are on the order of 
120 fps as compared to 50 fps for gas flow normal to the tubes. 
These high velocities in smooth tube passages, as in the case of 
the plate-plain-fin surface, should provide for a very effective 
self-cleaning action. 


MANUFACTURING Costs 


The plate-fin surfaces have ‘several advantages in principle 
from the point of view of labor and material costs, provided that 
suitable high-temperature furnace brazing and/or automatirc 
production-welding techniques can be developed. 


1 High-temperature alloys in sheet form have a substantially 
lower cost because of the high cost of the die-drawing procedure 
used for tubing. 

2 The '/,-in. tube surface regenerator of Cycle (A) requires 
4650 9-ft tubes/1000 shp for the single-pass crossflow arrange- 
ment. For the n-pass arrangement a proportionately greater 
number of tubes of shorter length are required. On this basis 
it would appear that the hand labor involved in providing for 
more than 9000 tube-sheet joints per 1000 shp rating would be 
prohibitive. In the case of the plate-fin surface, the tube-sheet 
periphery requiring sealing is greatly reduced, and _ possibly 
furnace-brazing techniques could completely obviate the neces- 
sity of hand labor in this respect, oe 


CONCLUSIONS 


The conelasions and opinions that may be formed from the 
foregoing discussion are as follows: 


2 
be 
| 
» 
3 
> 

2". 

. 
aw 
‘ 
| 

« 

be 

| 

ag 

& 

— 


~ Book C ompany Inc., New York, 


TRANSACTIONS 


1 In order that circular tube surfaces can become competitive 
with extended surfaces of the plate-fin type with respect to 
volume, weight, and shape, it is necessary to resort to small 
diameters of the order of '/,in. Even then the plate-fin surface 
will’have the advantage of a smaller nonflow dimension. 

2 Units fabricated from small-diameter tubular surfaces in 
high-alloy material will probably ‘have-a higher material and 
labor cost than the plate-fin surface, provided that methods of 
furnace-brazing fabrication can be developed for the latter. 

3 If compact regenerators have to be realized, mechanical 
cleaning methods cannot be employed. In this respect the plate- 
fin-type of surfa¢e appears to be more cleanable and will proba- 
bly show less tendency to foul as compared to !/;-in. tuke or 
similar surfaces. 

4 It is belieyed that these conclusions justify a considerable 
developmental effort devoted to plate-fin surface fabrication 
for high-temperature service. . 

5 The geometric advantages of true counterflow as compared 
to n-pass cross-counterflow arrangements in many cases may 
warrant the difficulties of header design. 

6 Conceivably, other r superior types of compact surfaces are 
available or can be developed. Firm conclusions regarding each 
surface can be made only after their basic heat-transfer and 
flow-friction characteristics are determined. 
data has tended to restrict current regenerator thinking to the 
tube-type surface. 

In all probability experience will demonstrate that there 
is no one best surface for the regenerator application and that 
the designer will need information on a number of surfaces so 
that the best solution may be made for the particular cycle and 
machinery arrangement. 


ACKNOWLEDGMENT 


The pesgeetgte vaval Rese: arch, the U.S. N. Bureau of Ships, and 
the U. S. N. Bureau of Aeronautics are currently sponsoring a 
heat- aan ‘r research program for compact surfaces at Stanford 
University. The authors prepared this paper on this program 
and express their appreciation to the sponsoring organizations, 


BIBLIOGRAPHY 


1 ‘Test Results of High-Performance Heat- a Surfaces 
Used in Aircraft Intercoolers and Their Significance in Gas-Turbine 
Regenerator ,Design,’’ by A. L. London and C. K. Ferguson, Trans. 
ASME, vol. 71, 1949, p. 17. 

2 “Gas-Turbine Plant Regenerator Surfaces,”’ by A. L. London 
and C. K. Ferguson, Bureau of Ships Research Memorandum 2-46, 
NavShips (250-338-3), July, 1946. 

3 “An Investigation of the Effect of Fin Spacing on the 
Performance of Louvered Plate-Fin Heat Exchanger — ne 
by W. M. Kays, Tech. Rpt.” No. 3, Navy Contract N6-ONR-2 


Task Order VI (NR-035-104) Stanford University, December = 


1948. 


4 “Basic Heat-Transfer and Flow-Friction Data for Gas-Turbine ° 


Plant Regenerator Surfaces,” 


by John J. Dinan, U.S. N. Engineering 
E Station Report No. C- 


2171-D,-August, 1947. 


Basic Heat-Transfer and Flow-Friction,Data for Gas-Turbine , 


Plant Regenerator Surfaces,”’ by John J. Dinan, U.S. N. Engineermg 
Experiment Station Report No. C-2171-E, 1948. 


6 “Basic Heat-Transfer and Flow-Friction Data for Gas-Turbine 


“Plant Regenerator Surfaces,” by John J. Dinan, U. 8. N. Engineering 
Experiment Station Report No. C-2171-F, 1948. 

7 “A Marine Gas-Turbine Plant,” by C. R. Soderberg, R. B. 
Smith, and A. T. Scott, Transactions of the American Society of 
Naval Architects and Marine Engineers, vol. 53, 1945, pp. 249-289. 

8 “A 5000-Kw Gas Turbine for Power Generation,” by A. 
Howard and C. J. Walker, 1948 ASME Annual Meeting paper No. 48- 
A-83. See digest in Mechanical Engineering, vol. 71, 1949, p. 38. 

9 “Construction of a Gas Turbine for Locomotive Power Plant,” 
by William B. Tucker, Mechanical Engineering, vol. 70, 1948, p. 877. 

10 ‘Heat Transmission,” W. H. McAdams, McGraw-Hill 
v. Y., second edition, 1942. 


14 


The lack of such. 


OF THE ASME gf 4 JULY, 1950 


11 Personal Communication, J. I. Yellott; and ‘The Exhaust- 
Honted Gas-Turbine Cycle,”’ by Donald L. Mordell, Trans. ASME, 
vol. 72, 1950, p. 17. 

12 “Gas-Turbine Regonerator- Studies,” by W. M. Kays 
and A. L. London, Tech. Rpt. No. 8, Navy Contract N6-ONR-251, 
Task Order -VI (NR-035-104) Stanford University, December 15, 


1949. 


Discussion 


D. Aronson.‘ A realistic comparison between tubular heat 
exchangers and extended- surface plate-fin types is extremely 
difficult, to make. * The characteristics of: tube-and-shell design 
have been established as a result of years of experience, and 
manufacturing costs are readily estimated. In so far as this 
writer knows, only three models of a large-size plate-fin extended- 
surface exchanger for high-temperature service have been built. 
The manufacturing pioneer models is 
several times higher than a tubular design for the same service 
due partly to high cost of development. However, 
cost data on operations comparable to those involved in the 
fabrication of éxtended-surface regenerators to encourage: the 
view that they will be cheaper than tubular units. Engineers 
have a tendency to look more favorably upon new designs 
whose full assortment of hobgoblins have not yet made an appear- 
ance. 

There is a special field of application for each type. Fo? small 
installations it is possible to obtain better performance with 


cost of | these three 


there are no 


-small-diameter tubing or with closely spaced fins than with larger- 


size tubing. As the size of the gas turbine increases, the 
need for smal] diameters diminishes. This arises from the fact 
that the effectiveness of a regenerator is a function of the length- 
to-diameter ratio of passages. In small units either length must 
be obtained by a multipass arrangement or small diameter must 
be employed. A comparison such a8 made by the authors on the 
basis pf dimensions per shp is not strictly valid. 

_ The need for further development of plate-fin surface fabrica- 
tion is yery real as regards brazing techniques, end connections, 
thermal stresses, fin effectiveness, and resistance to oxidation. 


The superiority of plate-fin-type surface for minimum weight | 
and volume mentioned in the text of the article is not borne out | 
by the authors’ own calculations as shown in Table 4. In every 
instance the weight and surface are least for !/,in. tubes and in 
most instances the volume is just a little less for the tubular 
design. The comparison is as follows: 


Weight, 
Best design plate-fin 


1/¢in. tubes extended surface 


Cycle A 
Cycle B 
Cycle C 
Cycle D 
———— Volume, cu ft— 
29 34 
12.04 
° 14.5 
Cycle D 675° 
-—Surface, sq ft (total of both passages)—. 
41702 8050 
17054 2150 
2060 6250 
9600 25,700 


Cycle A 
Cycle B 
Cyele C 
Cycle D 


~~ @ The figures for the tubular design have been modified proportional to 
the ratio of the NTU of the tubular design to that of the extended surface 
so that the comparison will be somewhat closer to a fair picture. 

The advantage of the plate-fin surface in having a smaller non- 
flow dimension is not quite clear from the authors’ remarks. 
The virtue of the plate-fin surface can perhaps be better expressed 
in a different way. It possesses a greater degree of design flexi- 
bility in that the proportion of surface on:the hot side to that on 


4 Elliott Company, Jeannette, Pa. Mem. ASME. 
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the cold side can be varied over a wide range. This flexibility 
makes it possible to fit the regenerator into any particular ge- 
ometry with maximum effectiveness for a given pressure drop. 
Where volume of regenerator is the sole criterion the non-flow 
dimension should be made as large as possible. 

The dimensions of a tubular unit often result in an inefficient 
atio of heat-transfer coefficients on the cold side to that on the 
hot side, and since the surface areas on the two sides are related 
directly as the diameter ratios, there is no opportunity for im- 
proving the utilization of surface. As a result, it will often be 
found that for a particular geometry of available space for the 
regenerator the plate-fin design can give a higher effectiveness 
for the same pressure drop. The price to be paid for this better 
performance will be a greater surface area, possibly a greater 
weight, anda greater cost. 

The writer of this discussion presented at the ASME Annual 
Meeting, December, 1949, a method of designing for optimum 


_ performance, which includes consideration of some of the fore-* 


going factors. 


AvuTHoRS’ CLOSURE 


The authors agree with Mr. Aronson that a realistic compari- 
son of general validity between tubular and extended surface gas- 
turbine regenerators is next to impossible to make. Even for a 
particular application, a comparison made now would net be valid 
at some later time because of rapidly changing conditions with 
respect to costs, methods of fabrication, and the development’ of 
new surfaces. Nevertheless, if limited comparisons can be made 
they should be made with as complete a realization as possible of 
the limitations. These are the “hobgoblins” referred to by Mr. 


Aronson. If engineers fail to look ahead, that is, “look favora- 


bly on new designs,”’ the gas-turbine development will not 
overcome the advantage of the entrenched position now occupied 
by the conventional prime mover systems. 

The comparison of regenerator geometry on the basis of non- 
flow dimension per 1000 shp will allow ready visualization of the 
size of heat exchanger required for any plant capacity, large or 
small, Mr. Aronson’s objection to this basis is not clear to the 
authors. 

There is no disagreement between the authors’ text and the 
comparisons presented by the discusser regarding the “‘superi- 
ority of plate-fin-type surfaces.” However, it was perhaps not 
emphasized that '/, in. tubes probably represents the most com- 
pact circular tube surface that is practical while it is quite proba- 
ble that more compact and more effective plate-fin surfaces exist 
or can be developed. As a matter of fact, current studies (12) 
confirm this view. 

It is obvious from the first of Equations [7] that an increase of 
volume brought about by a change of surface will tend to de- 
crease the nonflow dimension. It should be pointed out, how- 
ever, that for a given surface the minimum volume design will also 
be very elose to the minimum nonflow-dimension design. The 
increase of volume which produces a smaller nonflow dimension 
Thus the 
use of compact heat-transfer surfaces tends to yield small-volume 
heat exchangers but with large nonflow dimensions, as can be seen 
by an examination of the various designs for Cycle (A). If small 
volume is the only criterion then a large nonflow dimension © Il 
3 to the 
volume 
and “high”’ effectiveness are criteria which have to be in some 
measure mutually compromised in the usual design. 


comes about from the use of a less compact surface. 


have to be accepted, as Mr. Aronson points out. It se: 
authors, however, that both “good” shape and ‘small 
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Performance data of heat transfer and flow resistance are 
presented for the continuous heating of air in several ex- 
perimental variations of a new type of perforated-plate 
heat exchanger. These exchangers consisted of sections 
built up by stacking multiple units of a perforated alumi- 
num plate and a neoprene gasket, to form parallel channels 
perpendicular to the plate faces. Tests were conducted 
by causing air to flow countercurrently through these 
passages. The effects of hole diameter, plate thickness, 
and gasket thickness (or plate separation) are indicated. 
Results are presented jointly in the form of a pressure- 
drop efficiency factor versus Reynolds number for por- 
tions of the range bet ween 800 and 4300. 


NOMENCLATURE 


The following nomenclature is used in this paper: 


a = numerical coefficient, dimensionless 
‘ A, =-surface area inside holes of one set of channels, sq ft 
A; = total heat-transfer surface on both faces of plates of 


one set of channels, sq ft 
A, = effective heat-transfer surface on both faces of plates 
of one set of channels, sq ft 
4,, = mean area of cross section of fins in one set of chan- 
nels, sq ft : 
6b, = distance between centers of adjacent holes, in, 


z = length of fin (i.e., channel width), ft 


b, = channel height, ft 


b, = gasket ligament width (i.e., metal path between chan- 
nels), ft 
c = specific heat of air, Btu/(Ib)} (deg F) 
D = diameter of holes in plates, in. 


fi, = friction factor based on plate thickness, defined by 
Equation [5], dimensionless 
Je = gravitational conversion factor, (Ib) (ft)/(see?) (Ib 
force) 
Gmax = mass velocity, based on hole diameter, lb/(hr) (sq ft) 
h, = average heat-transfer coefficient of fin, arbitrarily 


based on A,, Btu/(hr) (sq ft) (deg F) 
‘hy = actual local heat-transfer coefficient, based on As, 
Btu/(hr) (sq ft) (deg F 


Ay = actual local heat-transfer coefficient, based on Aj, 
Btu/(hr) (sq ft) (deg F) ' 
} = heat-transfer factor for fluid flow, dimensionless 


’ ( hy (= 
CO max 


k, ky = thermal conductivity of air and fin material, respec- 


tively, (Btu) (ft) /(hr) (sq ft) (deg F) 
L = plate thickness, in. 
L, = gasket thickness, compressed, in. = 
L, = length of exchanger section, ft 
n = numerical exponent, dimensionless - 
N, = number of plates per exchanger section —. - 


1 Arthur D, Little, Ine., Cambridge, Mass 

Contributed by the Heat Traasfer and Gas Turbine Power Divi- 
sions and presented at the Annual Meeting, New York, N. Ys, Novem- 
ber 27—December 2, 1949, of the AmertcaNn Soctery oF MECHANICAL 
ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49— A-92. 
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A Pertorated-Plate Heat Exchanger 


By H. O. McMAHON,! R. J. BOWEN,! anv G. A. BLEYLE, JR! 


Nie = Reynolds number, based on hole diameter, dimension- 
DG max 
less{ Nre = 
APsvg = averaged pressure difference across warm and cool 


channels of exchanger, lb force/sq in. 


dave = rate of heat transfer, averaged for the warm and cool 
channels, Btu/hr 
scfm = volumetric flow rate, std cu ft/min 
= coo)-side inlet-gas temperature, deg F 
T; = cool-side outlet-gas temperature, deg F 
Ts; = warm-side inlet-gas temperature, deg F 
T, = warm-side outlet-gas temperature, deg F 
7s = gas temperature after rotameter, deg F 
AT) = temperature difference between root of fin and gas 
stream, deg 
AT,, = length - mean temperature difference between fin and 
gas stream, deg F 
AT, = temperature difference in metal between channels 
(i.e., betWeen roots of adjacent fins), deg F 
AT;,, = log-mean temperature difference for exchanger, deg F 
U = over-all heat-transfer coefficient, based on A,, Btu/ 
(hr) (sq ft) (deg F) 
V = gas velocity in holes, ft/min 
7 = = fin effectiveness, dimensionless 


AT, 

p = gas density at average exchanger conditions, lb/cu ft 

gas viscosity at average exchanger gas stream tem 
perature, Ib/(hr) (ft : 


INTRODUCTION 


During the past decade, and particularly since the end of the 
war, several industrial processes have been developed which entail 


‘the handling of large volumes of gases and depend for commercial 


feasibility on a high degree of heat economy with‘’a small te 
moderate capital investment. For example, there are the pro- 
posed techniques for tonnage production of oxygen (1)? as well 
However, 
in none of these cases can the prime requisites of large effective 
surface area per unit volume of equipment and high efficiency of 
heat transfer with low flow resistance be satisfactorily met by the 
use of conventional designs of gas-to-gas heat exchangers. Con- 
sequently, process planners have been paying close attention to 
each promising new design of extended-surface exchanger. 

Since the appearance of the definitive paper by Norris and 
Spofford (2), there have appeared in the technical and patent 
literature descriptions of many apparently practical design varia- 
tions of extended-surface heat exchangers. Generally they con- 
sist of enclosures of separate, adjacent, fluid-flow channels formed 
from concentric piping or parallel sheets of highly conductive 
metal, the free spaces of which are partially occupied by some 
form of extended surface bonded to the channel-defining walls, 
Some fin-forming materials which have aroused considerable 
interest are the edge-wound helixes of copper ribbon devised by 
Collins (3, 4), louvered or smooth crimped metal plates (5), pin- 
fins formed from square helixes of wire (6) and stacked, louvered 
sheet-metal stampings (7), fin-base continuity being obtained in 


*? Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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each case by means of brazed or soldered contacts at the channel 
walls, 
The ideal heat exchanger would appear to have the following 
characteristics: Simplicity of manufacture from low-coS8t mate- 
: rials; adaptability of the basic design for varying conditions 
of use; the possibility of effecting repairs to the interior of the 
unit without total replacement; a relatively simple manifolding 
problem, particularly for switch or reversing service; the ability 
to carry fairly large differential pressures in adjacent: channels; 
a minimum effect of longitudinal heat conduction; interchannel 
heat conduction through ‘‘parent’’ metal without the use of ther- 
mal bonding, together with the basic considerations of large 
heat-transfer capacity and low resistance to flow. : 

It is the purpose of this paper to present a range of performance 
data of heat transfer and flow resistance for the heating of air in 
several variations of three basically similar experimental models 
of a unique perforated-plate type of extended-surface heat ex- 
changer designed particularly for air separation. - Exchangers of 
this type possess a great many of the.characteristics of an ideal 
heat exehanger, particularly those of large heat-transfer capacity 


_ application has been filed. The data presented are not compre- 
hensive in the sense that they cover only a limited range of varia- 
tion of the numerous parameters at the control of the designer. 
It is felt, however, that the range covered is sufficiently broad to 
include most of the probable engineering applications. , 


DESCRIPTION OF EXCHANGER 


It will become evident thatthe dimensions and materials of cons 
struction of perforated-plate exchangers can vary widely and that 
the optimum specificatfons cannot yet be considered as definitely 
determined for any specific application. For this reason, the 
present description will be confined to a presentation of the essen- 
tial details and properties of the particular experimental units 
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with moderate frictional losses. In recognition of this a patent, 


Fic. 1 Some Heat-ExcHanGer COMPONENTS 
[(A) Plate with 1/s-in. holes on #/ie-in. staggered centers; (B) typical neoprene gasket; (C) plate with 1/)-in. 
holes on '/s-in, staggered centers; (D) portion of stacked exchanger; (E) inner face of header, note pressure 
taps; (F) center spacer; (G) outer face of header.) 


_ JULY, 1950 


studied in this investigation, some sample components of which 
are shown in Fig. 1. However, it should be noted that commercial- 
size units are being fabricated, the basic design of which is similar 
to that of the Groups I-II runs. (See Table 1.) 

The experimental exchanger section was 3'/2 in. square and 
from 1.5 to 3.5 ft in length, completely insulated externally, the 
only outside connections being the inlet and outlet pipes and two 
pressure taps at each end. Such a section was built up in the form 
of a stack of units, each consisting of a thin square plate of pre- 
cision-punched 2-S aluminum sheet placed on a thin die-cut neo- 
prene gasket to form four individually gastight, parallel, narrow, 
longitudinal flow channels of matched metal openings, each ap- 
proximately !/; in. wide X 3 in. high. The complete stack, 
together with.a cast aluminum header at each end, was held to- 
gether by means of steel,tie rods bolted to the periphery of !/,-in- 
thick steel end plates. Piping connections were provided in the 
end plates. 

The circular punched holes in the plates were spaced evenly 
along rows parallel to a side and offset from each other in the per- 


pendicular direction at the vertexes of equilateral triangles to form 


a series of horizontal unit fins, as indicated in Fig. 2. 

Gases could thus pass in countercurrént turbulent motion along 
two sets of adjacent flow passages, transferring heat by conduction 
through the perforated metal. Actually, the cool and warm gas 
streams were each divided by the headers, allowing the cooler in- 
coming gas to flow in the two outer channels, while the warmer 
gas passed in the opposite direction through the inner channels. 


_The center passage was blocked off and served as a dead space. 


This design of heat exchanger has certain obvious advantages. 
The turbulence of flow induced by the presence of the gasket 
spacers, together with the high proportion of éxposed fin surface, 
provide for a favorable rate of heat transfer. The perforated- 
plate construction enables the attainment of very high fin effi- 
ciencies, by proper cheice of fin length and flow conditions. The 
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TABLE 1 PHYSICAL DETAILS OF EXCHANGERS 
Lg(in.) v(an.) L(ine) (an.) by (ft.) by (ft.) (ft. ) L,(ft.) Ny Ay(sq.ft.) A, (9q.ft.) 
A. 
a Group i 
1 { d +013 0625 225 20417 2250 1.89 246 6.32 0.237 
" ' " 2.66 " " 
Group il 
i 20833 0417 250 0130 2.98 24 12.35 0.46 
3 " " " " 2.00 120 6.17 0.232 
" " " 1.75 100 5.15 0.293 
2093 " " " 1.88 100 5.15 0.193 
c. 
wre “F . 
} 2027 0625 20364 244 0156 1.58 2ce <.91 0199 
3 2023 186 2.60 0178 
be 13 1.67 10% 1.45 099 
te Ma 
AUXILIARY 
HEATER 
AIR 
- 
OUT U 
ROTAMETER T-4 T-3 
AREA INSIDE AIR 6-2 ON 
ONE = 
FACE AREA (BASIS OF A,) HEAT EXCHANGE 
PER HOLE UNIT MANIFOLD 
(BASIS OF 42) 5" 
U LEGEND 
VALVE LEGEND 7 
AIR COMPRESSOR THERMOMETERS 
PORTION OF G- PRESSURE GAUGES 
PERFORATED M* MERCURY MANOMETERS 
oe METAL PLATE 
GASKET Fic. INSTALLATION 


UNIT FIN 
UNIT FIN 
GROSS SECTION 
(BASIS OF Ay) 
t 
bs —+ 
ae 
Fic. 2) Scoematic REPRESENTATION OF FIN 


employment of aluminum makes use of the usually higher ratio of 
thermal conductivity to cost per unit mass of that material com- 
pared to the value for other more conventional heat-transfer 
media, an important ¢onsideration for oxygen plants. The sim- 
plicity of construction is evident, as is the fact that an exchanger 
of this type can be disassembled plate by plate and reconstructed 
to meet new situations. Also, where necessary, several materials 
of construction or techniques of assembly can be used in a single 
section. Through the use of neoprene gaskets, heat conduction 
along the length of an exchanger is effectively eliminated. The 
use of neoprene also affords a very tight locked-in-place seal be- 
tween plates, which can be maintained almost indefinitely, even 
at the temperatures of liquid air. Finally, it is possible by regula- 
tion of the hole diameters, spacing of centers, channel width, and 


gasket and plate thicknesses to vary the amount and type of in- 
duced turbulence as well as the fin efficiency, thereby to obtain the 
optimum values of heat transfer and friction losses for specific 
conditions of operation. As will be shown later in this paper, save 
for certain technical difficulties involved in the preparation of 
adequate low-cost gaskets, this design seems to offer possibilities 
of great utility to the field of gas-to-gas heat transfer. Indeed, 
the results of preliminary tests of furnace-brazed construction 
employing aluminum gasket spacers have indicated already that 
the economic position of this exchanger design can be improved 
greatly with little sacrifice of intrinsie performance character- 
istics. 
Test INSTALLATIONS 


A schematic representation of the arrangement of the equip- 
ment used in this investigation is shown in Fig. 3. 

Filtered test air was drawn into the system through a compres- 
sor of 30 cfm capacity. The air was then moved through the outer 
cool channels of the exchanger, through a small steam coil heater, 
and out through the inner warm channels of the exchanger, before 
being exhausted to the atmosphere. 


Gages G-1 and G-2 were used to indicate the approximate inlet 
air pressure. Temperatures were measured by means of mercury 
thermometers. 


Static pressures and pressure drops were meas- 
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ured by means of mercury manometers. Flow rates were meas- 
ured by means of a rotameter, . 

The complete exchanger, including manometer taps and ther- 
mometer wells, was thermally insulated with 6 in. of closely 
packed mineral wool. 

Because of the simplicity of construction, few difficulties were 
encountered in the operation of these installations, 


PROCEDURE 


Experimental: The greatest installation problems were en- 
countered during the assembly of the first exchanger section 
Finally, a technique was developed to insure uniformity of pro- 
cedure and freedom from interchannel leaks. For this purpose a 
U-shaped metal frame was constructed, in which were stacked, in 
order, a face plate with two '/:-in. pipe connectors, a heavy neo- 
and a rough-cast-aluminum header, Fig. 1 (G), 
and then, alternately, gaskets and perforated plates to form 
half of a unit. A */,-in-thick cast-aluminum spacer, Fig. 1 (F), 
was then added and the second half of the exchanger completed, 


prehe gasket, 


with the exception that the aluminum plates in this half were re- 
versed as to the direction from which they had been punched. 
This latter expediency was considered necessary after preliminary 
fests of frictional effects had demonstrated a certain variation of 
pressure drop with direction of fluid flow through these plates 
caused by the difference in roughness of the hole ends. To assure 
uniformity of alignment still further, the precaution was taken, to 
index the plates as to the direction from which they had been 
punched. 
which have been observed, these plates were quite, accurately 


Compared with examples of mill-run punched sheets 


punched, The exchanger sections were held together by means of 
tie rods passing along the sides and bolted to the face plates. By 
taking up on the tie-rod nuts, the thickness of the gaskets could be 
The 

In the only case of 


varied over a range of about 30 per cent. assemblies were 
then tested for leaks with air at 200 psig. 
failure, the gasket between a manifold and a face plate gave way 
It was observed that 
the gaskets between plates were actually locked into place by the 


under a hydrostatic pressure of 1000 psig. 
expansion of the neoprene into the perforations. This same as- 
sembly teehnique was used with good success for the three groups 
of runs. 
fittings in a conventional manner. The rotameter was calibrated 


The auxiliary test equipment was assembled with pipe 


with a standard orifice. 

Three separate groups of runs were carried out, using a different 
design of perforated plate for each group. The gasket thicknesses 
It should be pointed out that in 
the runs of Group II, the '/s-in. plate thickness was achieved by 


were varied as noted in Table 1. 


the use of units consisting of two ' js-in. plates ¢ ‘mented together, 
In this case an effort was made to assure that the direction of 
perforation was the same for each '/\,-in. plate, but it is not cer- 
tain that this was always achieved. In any case, the Juxtaposi- 
tion of two slightly conically tapered holes, '/is in. in length, 
varying in diameter from end to end by as much as 5 per cent, 
certainly introduced a complication of the friction situsttion in 
comparison to the single-plate installations of Groups I and IT. 
The capacity of the compressor limited the range of flow rates to 
between 5 and 29 sefm. The use of mercury manometers necessi- 
tated approximations of uncertain precision’ in the case of pres- 
sure drops at the lowest flow rate. The static pressure of the air 
* was kept at about 5 psig. 
In the conduct of a run, inlet air was heated from approxi- 
mately 70 to 220 F in the outer cool channels of an exchanger. 


This air was then passed through an auxiliary heater, after which’ 


it passed back through the: warm channels in which it cooled from 
about 250 to 100 F: Actually, the log mean temperature dif- 
ference in thé exchanger varied from run to run between 11 and 
35 F. A typical run to obtain a single series of flow data points 
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required 6 hours for completion. Two extra hours were consumed 
in obtaining steady temperatures and smooth operation. At 
least three check values were obtained for each piece of data at 6 
points in the range of flow rates for each plate design and gasket 
thickness. 

Treatment of Data: The various temperatures, pressures, pres- 
sure differentials, and flow rates measured experimentally were 
combined with the data on the physical characteristics of the 
exchangers given in Table 1, to provide values of the heat- 
transfer coefficients, heat-transfer factors, friction factors, and 
heat-transfer efficiency factors, some of which are presented in 
Table 2, together with some of the important lesser variables. 

As a matter of convenience, all reported values of heat«transfer 
coefficients have been based arbitrarily on A), the area inside the 
holes of the aluminum plates. It is recognized that the actual 
effective area for heat transfer must also include a portion of the 
face surfaces of each plate, the amount being strongly influenced . 
by the value of the gasket thickness employed, especially when 
that value approaches the thickness of the plate. 

The Reynolds numbers have been b:sed on the hole diameters. 
In other words, the effect of gasket thickness on heat transfer 
has been treated as in the nature of a controlled nonconducting | 
artificial roughness or interruption on the surface of otherwise 
smooth small metal tubing. 

Over-all heat-transfer coefficients have been calculated from 
averaged values of warm- and cool-side heat-transfer rates by 
means of mass flow rates and air temperatures, as follows 


(AiM AT 


Utilizing the fact that the temperature difference between the 
fin roots of the warm and cool channels was small, it was possible 
to calculate the values of the effective heat-transfer coefficient 
(nh) by means of the following expression 


and check them against the equivalent equation 


9 
«(ave 
nhi 


The average of the foregoing values of (nh,) was solved simul- 
taneously with the definition of fin-effectiveness (2) by trial and 


error, to give values of 7 and A), as follows | 
Af... arth \ 
7= = 
hy 
kA. 

Values of hj are presented versus Nre, for the Group IIT runs 
in Fig. 4, from which can be seen their advantage in comparison 
to the smooth tube coefficients. 

Utilizing the foregoing values of h,, heat-transter factors were 
calculated from the following 


thereby providing a function of A, which’is only slightly in- 
fluenced by ‘the mass velocity. 
Ne in Fig. 5a, b, and c. 


Values of j are.presented versus 
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TABLE 2 (A) SUMMARIZED DATA AND CALCULATIONS 
GkOUP RUNS 


Ue 1/12 in., L © 1/16 in., be = 1/8 in. 


DATA lg © .022 in. Lg = .046 in. 


SCFM 6.05 10.16 14.65 19.16 23.95 28.34 6.23 *10.23 15.21 19.82 24.92 29.03 6 10.27 15.25 19.9% 
790.3 7933 7903 7969 79.0 78.7 65.2 67.2 64.2 65.5 66.5 43.8 63.3 64.1 63.0 63.2 6402 
T-2 °F. 23400 38-67 24323 243-3 191.3 192.3 1% 19368 193.2 191.8 201.0 201.7 202.0 201.7 200.3 199.5 
1-3 °F. 263-7 27360 27660 277.7 278.3 27767 212.0 214.0 215.0 215.0 214.5 214.7 217.7 229.7 220.0 220.0 220.0 
°F. 101.3 107.3 108.3 108.7 119.3 78.8 81.2 83.5 83.2 76.5 78.8 79.5 78.9 80.3 
3353 5040 «10608-15284 15708 3483 5563 «1098515825 16076 3414 54688 8436 12028 13884 
P lb. /cu.ft. "6065 068°" 
Ah. 52.08 31.77 31.77 33-1) 16.83 18.81 16.68 19.84 21,06 14.47 16.73 16.72 17.08 28.43 18.86 


U 6.81 9.66 13.91 18.30 22.93 25.82 15.14 20,01 24.46 30.05 33.32 11.18 15.97 23.70 30.43 35.05 39.87 


(%.) 
e472 866825 «1.21 1.60 2.00 2.35 e413 067201603) 1.320 «1664193 
b 
21.10 31.44 4327 56.88 66.09 19.34 29.61 48.04 61.60 79.72 91.62 24-80 37.30 59.17 81.52 9.43 118.02 


(°F .) 
J eOl42 20124 .0135 10139 .0l72 10185 .0190 20215 .0231 .0244 .0234 .0237 


V st, /min. 692 114620 1676) 2192. 5242 713 1171-1742 2270-2855) 332 714 1175 228102865 338 
5 


TABLE 2(A) (Continued) 
GKOUP I RUNS (cont.) 
De 1/12 in., L = 1/16 in., = 1/8 in. 
LATA lg in. le © .082 in. Lg © .102 in. 


SCrM 6629 10.38 15.46 20.07 25.22 29.77 6.23 10.26 15.24 19.76 24.83 29.0, %.30 10.43 15.54 20.) 25.30 7251 


Affave 1b./sq.in. 0095 0105 1018 322.70 92.20 1.03 1.20 2.86 
T-1 °F. 61.5 61.0 Je2 00.8 61.8 60.1 1.0 6.5 503 65.7 67.0 66.0 $1.8 60.5 40.2 61.5 40.8 41.0 
T-2 °F. , 201.7 203.3 203.0 202.7 201.3 200.0 205.3 208.0 207.3 205.3 203.3 198.7 207.5 209.0 209.5 208.5 207.0 205.0 
215.3 <18.3 218.7 218.7 218.7 217.7 227.7 227.9 227.0 227.3 226.3 224.0 226.0 ich. 225.5 225.0 


T-4 °F. 71-5 73.6 75.2 7902 7507 76.8 8.5 1.8 83.2 85.2 23.8 68.8 70.0 "0.3 75.0 
3484 5736 8580 11136 13968 14512 3450 £588 2 10944 13764 16104 3496 5760 11178 14022 15344 


513, 847 1261 1638 2057 2430 £06 835 1243 1608 2023 4368 851 1267 1640 262 4403 


@ *B.teus/iire 10z 2559 3263 4089S 4.23 1030 1720 253% 3220 4893 1090 (1827) 2720 hy 

11.73 13.07 14.50 15.12 15.79 16.58 15.73 15.09 17.11 19.69 20.96 22.35 11.08 12.88 13.26 14.282 15.02 14.21 

U 4.18 21.10 £3.60 35.70 41697 4706 14.76 33.36 34.76 42.61 46.19 15.95 22.98 33.25 39.40 43.75 48.08 

te 

°E/ft. 0458 2758 1.14 1.48 1.82 0635 1.06 1.56 1.99 2645 2.83 2486 
oy 

nh, 32.30 75.0) 128.10 152.28 33.68 60.0] 105.60 130.15 147.86 36.82 56.95 92.00 115.9) 157.19 

OF.) 

2302) 4.0348 .0318 20312" .0302 &i8 00326 .0352 .0342 .0318 .0217 
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TABLE 2(B) (Continue 
GROUP II RUNS 
D #1/12 in., L = 1/8 in. 
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DATA 


10.33 15.42 20.12 25.40 29.36 6.26 10.31 15.36 19.93 25.02 29.09 6.22 10.25 15.05 19.72 24.89 28.73 
T-l °F. 62.3 61.7 62.7 6268 64.0 6365 62.5 62.2 62.0 62.5 63.0 62.2 67.2 67.0 69.0 68.0 70.0 70.7 
T-2 °F. 206.7 208.0 207.7 208.7 207.7 207.0 207.5 208.5 20825 207.0 206.0 203.0 244.3 216-0 216.0 214.3 212.7 211.7 
T-3 °F. 223.0 224.3 225.0 225.0 224.7 224.5 227.0 229.5 230.0 230.0 -230.0 229.5 235.0 236.3 238,0° 237.3 .237.0 236.3 
°F. 70.5 7227 7303 76.0 7720 7900 80.5 795° 7763 7905 82.8 65.7 87.7 
3472 5708 8556 11150 14064 16272 3458 572, 8514 11052 .13878 16115 3445 5688 8352 10932, 13836 15912 
King 1259 1640-2072, BAL «12531625 2373 508 834. «1229-1608 2037 2343 
J B.teus/nr. 1775 2635 3439 4289 4948 1072 1777 2544 4207 4862 1089 2622-3410 42194733 
Dt, 11.78 12.91 13633 13620 13.49 15630 17621 18.04 19.55 29.50 21.54 16.13 17.04 18.62 19.57 20.79 
U_ 7436 12-13 16,05 21410 25.74 28635 11.36" 16.84 23674 28.05 33.10 36.59 11.93 18,10 24.95 29.70 34.73 37.32 
2237 6390) 0580) 757. «(1,09 1618 1.50 1.87 2.17 2904 1.17 2.52 1388 
15.75 24.58 37.15 5148 55.82 74.03 25.2Q 39.20 59.02 73.14 90.91 104.77 26.60 42.76 62.97 78.80 97.57 107.38 
ft.) (%F.) 
j 0143 .0154 .0226 .0228 .0218 .0216 .021, .0255 .0248 .0248 .0238 .0233 .0223 
v ft./min. 716 1181 1754 2300 2905 ' 3358 716 1130 1757 2279 2362 3327 7 1172 1723 2256 2947 3286 
TABLE, (2B) (Continued) 
"GROUP II RUNS (cont.) 
in., L © 1/8 in., be © 148 in. 
: DATS Lg .078 in. Lg 2093 i 
SCFM 6.14 10.10 15.10 19.47 2bebl 28.95 6.16 10.14 15.02 19.40 24.34 28.63 
Pave 1b./sq. in. 6150+ 440 0847 1.90 2042 6128 418 8321327 1.85 
Tel °F. 705° 72:5 7367 6610 66.0 67.0 68.5 63.2 69.5 
T-2 °F, 229.0 230.7 229.0 22647 224.3 220.7 26740 26945 259.0 257.0 253.0 260,5 { 
T-3 °F. 250.7 253.3 252-7 25203 250.7 249.7 29545 298.0 299.0 299.0 297.5 295.5 
°F. 85.8 88.3 9.8 93.0 95.2 97.2 87e2* 90.0° 95.8 97.5 101.0 
3405 °5592 8376 10800 13524 15055 34L, 5634 8334 10745 13500 152% 
Np» SOL 82512321584 1992 2362 502) «198-2340 
fL/2 -088 .100 .092 .092 .092 .092 .072 .090 .089 .090 .088 [090 
q B.teu./are 1138 1889 «277% 4982S «3538, «55236356 
At 17684° 20.15 21.43 23032 26.15 23.21 24068 27.06 29.54 32.04 33.24 
Bs 12.39 18.19 25.14 29.27 34019 37.03 12.21 18.99 25.39 29.44 33048 37612 
0605 1.0L 1.48 1.88 2.30 2.66 1.89 2.39 2.95 3.29 
(nr. 27.68 4297 63043 77054 95043 196055 27.16 45.22 64.52 78.06 92.69 107.33 
0268 20253 0250 .0237 .0233 .0219 00252 40254 .0255 .0240° .0226 .0222 
ft./min. 703 1156 172% 2226 2793 «3312 «705 «160 27a 
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The, effects of friction losses were calculated from net pressure 
drops averaged across.the warm and cool channels, by means of 
the Fanning equation for turbulent flow, as follows 


— (72) (A Pave) (p) (Ge) (D) 
(Nz) (L) (Gmax)? 


Values of f,/2 are presented versus L, in Fig. 6. 

he final results of the heat-transmission and frictional-resist- 
ance calculations are presented tn terms of the pressure drop effi- 
ciency factor j/(f,/2) versus Vein Fig. 7. 


Discussion or Resutts 


Heat Transfer: From theoretical considerations it can be pt ~— 
lated that the transfer of heat from a stream of gas to the metal 
of a perforated plate through which it is flowing, should be viewed 
as the resultant of two simultaneous actions. If, for a given mass 


flow rate, attention is focused on the events transpiring along the: 


length of a single series of matched holes in a channel of an ex- 
changer section, one plate and gasket of which are shown schemati- 
cally in Fig. 2, certain predictions can be made concerning the 
probable variation in the heat-transfer process as the gasket 
thickness is changed. For a zero gasket thickness and a stipu- 
lated 100 per cent fin efficiency, the amount of heat transferred 


will be smal and essentially identical to that for a smooth tube of - 


the same diameter, As the gasket thickness is increased and as- 
sumes small finite values, the heat-transfer coefficient, h,, based 
on the area A, inside of the holes, will rise rapidly because of the 
interruption and periodic destruction of the laminar-flow bound- 
ary layer near the tube walls and the resultant turbulence. As 
gasket thickness is increased somewhat beyond a moderate frac- 
tion of plate thickness, no further improvement in A; occurs, pre- 
sumably because turbulence already is fully developed. This 
primary effeet is shown clearly in the lower portions of the two 
curves of h, versus L, in Fig. 8, where the cases of Nre = 1000 and 
2000 for the Group I runs are presented. But as the spacing is 


further ineréased, portions of the total surface, Ag, on the faces of . 


the plates become ‘available for heat transfer, approaching a 
maximum of availability when the gasket thickness approximates 
a small multiple of the width of face area per hole, (b,/2) — D, as in- 


“dicated by the upper portions of the curves of Fig. 8. Thus the 


actual conditions of heat transfer might perhaps be more realisti- 
cally represented in the following manner 


Unfortunately, sufficient'data were not available from this in- 
vestigation to do more intergroup correlation than to indicate the 
general agreement between the results .of the Groups I and III 
runs and the predicted curve shapes. It was not felt advisable to 
attempt,a comparison of the Group II results with those of the 
other runs, because of the uncertain nature of the surfaces of the 
hole interiors and the probability that they were not reproduci- 
ble. ‘ 
It should be emphasized that the average values of h;, some of 
which are presented in Fig. 4, are based ‘on’ only the surface area 
inside-the holes, and are somewhat higher than the true local fin 
coefficients. However, even if one allowed for a liberal correction 
factor.of 50 per cent, the point values would still be considerably 


higher than those estimated for smooth tubes at the same fluid- 


flow rates. Probably it would have been more realistic’ to base 
the heat-transfer coefficients on an average value of surface, such 
as A, + (A,/2). However, the present values will serve for de- 
sign calculation purposes. When more data become available, it 
should be possible to determine with accuracy the point values of 
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Rate Versus Gasket THICKNESS 

In the range of NRe covered here, the value of n varied with in- 
creasing gasket thickness from approximately 1.14 to 0.88. Since 
normal turbulent-flow heat exchange inside 
0.8 power of VRe, it seers apparent that even 


tubes varies as the 
at the lowest values 
of Vre encountered here, normally considered to be in the region 
of streamline flow or wransition, turbulent conditions prevailed. 
This was also borne out by the friction results. The fact that h, 
varied to lower powers of Vre as gasket thickness increased may 
be attributable to a change in the nature of the turbulence. At 
low values of L,, but greater than a certain minimum, the con- 
stant boundary-layer interruption would not 


permit) normal 
smooth-tube turbulence. 


However, conceivably, normal turbu- 
lence can exist if gasket thickness is great enough. 

The dependence of the heat-transfer factor J, On Nee is shown 
to be slight in Fig. 5(a,b,ande). The fact that the slopes of these 
curves vary from positive to negative as gasket thickness is varied 
is unusual, but depends on the variation of the exponent n just 
noted, 

The values of fin effectiveness, n, presented in Table 2, are gen- 
erally high, varying between 0.70 and 0.96. From Equation [4] 
it is seen that any variable which can influence the value of 
(Ai A,), such as mass flow rate or plate and gasket dimensions 
change 


, will 
The greatest control was exerted by the mass flow rate 
in‘these experiments. 

Flow Resistance: Plate thickness was chosen as the unit 
length for friction factors. 


ol 

It is interesting to note that in ecom-_ 
paring values of f; 2 versus Nie, in Table 2. save for the runs at. 
lowest flow rates where pressure-drop data were of uncertain pre= 
cision, ‘the friction factors are essentially independent of the Miss 
flow rate, but a strong function of the gasket thickness, This 
relationship is shown in Fig. 6. The curve for the Group T runs” 
can be seen to possess a shape similar to that for the 
curves in Fig, 8. 


hi-versus-] 
Thé somewhat erratie nature of the 
tained by use of doubled '/,,-in. plates in the ( 
evident from the shape of the fri /2 


results ob- 
troup IL runs 
versus L, plot. For this: 
reason, straight lines were used between points, 


5 
= 
e 
4 
| 
Ts 

. ~ 4 


632 


9 “A Study of the Data on the Flow of Fluids in Pipes,”’ by E. 
Kemler, Trans. ASME, vol. 55, paper no. HY D-55-2, 1933. 

10 ‘Heat Transmission,” by W. H. McAdams, McGraw-Hil] 
Book Co., Inc., New York, N. Y., second edition, 1942, pp. 170-171. 


That the friction factor should be greatly influenced by the 
gasket thickness is obvious if one thinks in terms of tubes with 
controlled roughness, as mentioned earlier. 
tubing several inches in diameter, the resistance to a moderately 
turbulent air-flow rate is raised severalfold by the presence on the 
pipe wall of a band of paper tape a few thousandths of ar inch in 
thickness (8). This phenomenon bears out the laminar-beundary- 
layer interruption theory and forms the basis of our proposed 
explanation for the h; versus VRe results of this investigation. 
There is some evidence from previous work with artificially 
roughened pipes (9) to indicate the independence of friction factor 
from Reynolds number in the range covered by this work. | At 
least one author presents values of f; /2 in excess of 0.10. While 
these previous artificial roughnesses did not begin to approach 
that of the plate exchangers, the agreement in principle is satis- 
factory. 

In general, then, the results of this series of experiments have 
indicated that for plate exchangers, friction losses rise with mass 
flow rate, hole diameter, plate thickness, and gasket thickness. 

The plate-exchanger friction when compared to the average 
Collins tube value (4), shown in Fig. 6, or to the correlations for 
the various fin constructions of Norris and Spofford (2), is seen 
to be more satisfactory than the former and to compare somewhat 
less favorably, even for the optimum plate design of this work, 
with the most efficient fin systems presented by the latter. 

Efficiency Factor: Following the device used by Norris and 
Spofford, a ‘‘pressure-drop efficiency factor,’’7/(f,/2), is plotted 
versus Reynolds number. According to Reynolds analogy this 
factor is unity for forced convection over a single infinite plane 
and is less than unity for all other surface types. It is to be noted 
that the values for the perforated-plate exchangers compare 
favorably with those for most other forms of extended surface. 

It is to be observed that the pressure-drop efficiency factor 
varies somewhat with Reynolds number, as would be expected 
from the similar variation of the heat-transfer factors. 

These pressure-drop efficiency factors, regardless of the basis of 
NRe, can be compared approximately with those. for the Collins 
tube and for the single-plane and the finned surfaces presented by 
Norris and Spofford. In the case of the best values for thé plate 
exchanger, i.e., Group I runs, the efficiencies are somewhat higher 
than for the Collins tube and more than 80 per cent those of most 
of the extended-surface designs. They are better than pin fins 


Indeed, in smooth 


by.about 20 per cent, averaging about 50 per cent of the value for ° 


smooth single planes and tubes. 

Thus the highest efficiency factors for these plate exchangers 
were obtained with the smaller hole diameter, the thinner plate, 
and the smallest gasket thickness. 


CONCLUSIONS 


From this investigation of three basically similar designs of alu- 
minum perforated-plate exchangers, the following specific con- 
clusions are indicated: . 


1 In the range of flow rates, 800 <NVre<4800, the average- 
heat-transfer coefficient, based on the area inside of the holes, is a 
simple power function of VRe, exponent variations with increasing 
gasket thickness of from 1.14 to 0.88 having been observed. The 
highest value of these film coefficients was 237 Btu/(hr) (sq ft) 
(deg F), obtained in the Group III runs. 

2 Heat-transfer and flow-resistance phenomena can be ex- 
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plained on the.hasis of a two-function theory. The gasket thick- 
ness is considered to cause turbulence by the interruption of the 
laminar-flow layers at the walls of the tube portions, as well as by 
making available heat-transfer,area on.the faces of the plates. 

3 The influence on fluid friction and heat transfer of increas- 
ing hole diameter fs to increase them. The influence of increasing 
plate thickness is to increase fluid friction and to decrease heat 
transfer somewhat. (This comment is subject to the limitation 
mentioned previously concerning reproducibility of the Group II 
plate design.) . 

4 In the range of flow rates studied, for a given gasket thick- 
ness, the fluid friction factor is independent of the mass velocity. 


5 Pressure-drop efficiency factors for these exchangers are . 


substantially independent of mass flow rate, the absolute values 
varying from a low of 0.22 in the case of the Group II runs to a 
high of 0.53 inthe Group I runs. In general, the influence of an 
increasing gasket thickness was, first, to increase and then to de- 
crease this efficiency Tactor. Increase of hole diameter or plate 
thickness lowered the value of the factor. It is apparent that the 
type of turbulence produced by the frequently interrupted flow 
passages is quite efficient as a promoter of high heat transfer with 
only a moderate amount of fluid friction, 

6 While much remains to be learned concerning the properties 
of perforated-plate exchangers, and the problem of gasket eco- 
nomics also requires additional attention, it can be stated that 
this type of unit possesses very attractive operational characteris- 
tics for large-Scale gas-to-gas heat exchange. At the present time 
full-scale commercial units are being constructed in connection 
with a special assignment in the field of liquid-oxygen production. 
It is planned to publish information regarding cost analysis and 
plant performance in the. near future. 
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{|AurHoRs’ Note: Following presentation of this paper, a ques- ° 


tion was raised concerning the observed small differences between 
the temperature changes of the fluid in adjacent channels. The 
temperature drops in the warm channels were consistently greater 
than the rises in the cool channels. Calculation, showed this to 
be attributable to heat leak to the surroundings. Thus, for 
practical purposes, it was possible to eliminate the effect’ by using 
temperature changes averaged, between channels. | 4 
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Effect of Size on the Design and Performance 


of Internal-Combustion Engines 


By C. F. TAYLOR,' CAMBRIDGE, MASS. 


The importance of. the problem is outlined and size 
effects isolated from other effects. Three similar engines 
were tested at the Sloan Laboratories at M.I.T. Mechan- 
ical stresses, volumetric efficiency, heat losses, and wall 


temperatures are explained as a function of cylinder size. 


-The effects of cylinder size on combustion and fuel re- 
quirements are pointed out. 7 


INTRODUCTION 


BASIC problem in the production of power, and indeed in 
many other fields of machine technology, is involved in 

the question of unit size. At an early stage in the 
planning of any engineering enterprise the following question 
should be asked: ‘To accomplish the required work, is it better 
to use few units of relatively large size, or a larger number of 
smaller units?”’ On the success in arriving at the correct answer 
to this question may well depend the success or failure of the 
whole enterprise. ; 

In a broad sense, the discussion which follows can be taken to 
apply to most types of machinery dealt with by the mechanical 
engineer. However, since it is the author’s chosen field, and 
since it is an excellent example of the problems involved, from 
this point on the discussion wil] be confined to the reciprocating 
internal-combustion engine. It would be disappointing, how- 
ever, if the broader implications were entirely forgotten, especi- 
ally as they apply to other types of power-producing machinery 
such as turbines, generators, etc. 


RECIPROCATING INTERNAL-COMBUSTION ENGINES 


Similar Engines. 
unit size, it is necessary to eliminate differences in shape and_ 
differences in structural material. This process Jeads to the 
following’ definition of “similar engines.’ Similar engines are 
engines of different size in which each linear dimension describ- 
ing the design has the same ratio to a basic linear dimension, l, 
which may be conveniently taken as the cylinder bore. In 
addition, corresponding parts in such engines must be constructed 
from the same material. The geometry of a series of such engines 
can be described by the following notation 7 ibe 


(Ri, Re, Rs, 


In order to study properly the question of 


where R stands for the ratio of the length of a certain part to the 
length of the basic dimension, and enough R’s are included to 
describe the design completely. Any engine in the series is then 
completely specified by the R series, by a list of materials used 
in the various parts, and by the magnitude of the dimension /. 

Similar Cylinders. In so far as the cylinders of a reciprocating 
engine are independent of each other, they can be considered 
as separate similar machines. Excluding the influence of other 
cylinders through the crankshaft, crankcase, and manifolding, 


! Professor, Massachusetts Institute of Technology. 
Contributed by the Oil and Gas Power Division and presented at the 
Annual Meeting, New York, N. Y., November 27—December 2, 1949, 
of THe AMERICAN Society OF MECHANICAL ENGINEERS. 

Norte: Statements and opinions advanced in papers are to be under- 
stood as individual expressions of their authors and not those of the 
Society. Paper No. 49—A-116. 


this discussion can be applied with equal force to the question of 
whether or not an engine should have few large or many small 
cylinders to furnish the required power. 

Weight of Similar Engines. There are certain characteristics 
of a series of similar engines which can be predicted from mathe- 
matical considerations alone. For example, it is obvious that 
weights will be proportional to l’ and areas to /?. Less obvious, 
perhaps, are certain important stress relations in such a series. 
If it be assumed that the output 
end of each crankshaft turns with a constant angular velocity, &, 
and that deflections are negligible, it is easy to show that all 
“inertia” 
of the parts, will be the same at corresponding points in all engines 
when the values of (/2) and the crank angle, 6, are the same. 

In most practical cases, however, there are cyclic variations in 
angular velocity, and deflections under load, which cannot be 
ignored from a stress point of view. The deflections set up vibra- 
tory stresses which may be exceedingly important. In order to 
deal with vibratory stresses it is necessary to assume equal damp- 
ing due to friction at the rubbing surfaces and to assume that the 
apparatus driven by the output shaft is similar in the same sense as 
the engines, or else that the engines are dynamically isolated from 
the driven apparatus. Under these circumstances, if the pressure 
cycles in all the engines are the same, the variation of angular 
velocity with crank angle will again be the same when the values 
of (12) at a given point in the cycle are equal. Appendix 1 indi- 
cates how this relation may be proved. 

If the cycles of cylinder pressure versus crank angle are all the 
same, it is obvious that the stresses directly attributable to gas 
pressure will be the same at the same crank angle. The question 
of the.cireumstances under which pressure cycles will be the same 


Stresses in Similar Engines. 


stresses, that is, stresses due to the mass and motion 


is discussed in a later section. 

Since the product (/Q), together with the necessary design 
ratios and the angle 6, describe the linear velocity of a given 
point in any one of the engines, it can be said that, under the 
limitations just stated, the stress-versus-crank-angle cycle caused 
by gas pressure and by inertia forces will be the same in each en- 
gine of the series if the linear velocities of corresponding parts are 
The implications of this statement for turbines, elec- 
trical machinery, etc., are obvious. In reciprocating engines, a 
convenient measure of linear velocity is the “‘mean piston speed.” 


the same. 


It should be noted that the similitude in stress pattern at a 
given value of (12) includes stresses due to vibration in any mode 
of fhe system. This conclusion follows not only from considera- 
tions of dimensional analysis, but because in similar structures 
natural frequencies of vibration are inversely proportional to the 
characteristic linear dimension. Thus, at a given value of (IQ) 
the ratio of forcing frequencies to natural frequencies will be the 
same in each engine of the series, provided the gas-pressure cycles 
and the damping are the same and the connected equipment is 
isolated or is dynamically similar. 

Such conditions would be fulfilled by a series of engines con- 
nected to a series of similar generators or propellers. These con- 
-ditions will also be present in the case of motor vehicles, where the 
driven system is virtually isolated from the engine, dynamically, 
on account of the great torsional flexibility of the shafting be- 
tween engine and wheels. 
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Although stresses due to the force of gravity are seldom of much 
importance in reciprocating engines, it is interesting to note that 
in a series of similar engines these stresses increase in proportion 
to the linear dimension. A proof of this statement is given in’ 
Appendix 1. The practical conclusion to be drawn from this rela- 
tion is that gravitational stresses wjll become important if unit 
size is made sufficiently large. Evidence of this trend is indicated 
by the fact that in studying the balance and vibration of very 
large engines, gravitational forces are usually considered. 

The remaining type of stress to be considered is that due to 
temperature differences. In structures of similar geometry made 
of the same materials, it can be shown that such stresses will 
not be the same unless temperatures at corresponding points 
are the same. This question is more fully discussed in a subse- 
quent section. 

A point to be noted in connection with stress considerations is 
that, in the absence of resonance effects, stresses due to inertia in- 
crease with the square of the linear velocity. It may be predicted, 
therefore, that inertia stresses are likely to constitute a most im- 
portant limitation on linear velocities. A corresponding limita- 
tion is even more obvious in the case of turbines. 

M.1.T. Similar Engines. The foregoing relations are capabie of 
mathematical proof which leaves little doubt of their general 


validity. When it comes to the more complicated questions of - 


fluid flow, heat flow, combustion, ete., theory does not give the 
complete answer. 
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* In order to afford opportunity for experiment in this highly im- 
portant field, there have been constructed at the Sloan Labora- 
tories of the Massachusetts Institute of Technology, three single- 
cylinder engines which fulfill with considerable exactness the 
definition of similitude on which the foregding discussion is 
based. Fig. 1 is & cross section’of these engines. One drawing 
serves for all three, with only a change in scale. The bores are 
2'/o, 4, and 6 in., respectively, and the strokes are 3, 4.8, and 7.2 
in. All détails are in proportion, including bearing clearances, 
wall thicknesses, and screw threads. As instalfed for test, inlet 
and exhaust systems are similar. 

At present these engines are arranged for four-stroke spark- 


ignition operation using a premixed gaseous charge. Later. they . 
can be converted to Diesel operation, or, with new cylinders, to 


operate on the two-stroke cycle. 

Similar Operating Conditions. For internal-combustion engines 
the important independent operating variables include inlet-air 
pressure and temperature, exhaust pressure, fuel-air ratio and 
coolant-supply temperature. These variables are controlled 
primarily by factors other than size, and they will be considered to 
be held the same for all engines in a similar series, unless other- 
wise noted. Also, the ignition or injection timing will be taken 
as optimum in each case. Test results presented for the M.I.T. 
similar engines have been made under these circumstances. The 
remaining important independent variable, rotational speed, is 


-limited by size considerations as already indicated. 


‘Bore 
in. 


Stroke 


Piston, Area Displ, Val. 


in; int 


Small 2.500 3.000 
Medium 4.000 4,800 
Large 6,000 7.200 


z 


4.91 24; 71 
"12, 57 60.35 
28,2 203, 54 


Fig. 1 Cross Sections or THe Turee M.I.T. ENGINES 
5 (Single-cylinder, water-cooied, compression ratio, r = 5.74.) 
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One interesting relation here is 
Since the speed of sound 


Air Flow in Similar Engines. 


quite obvious. is the limiting gas 
velocity at the smallest cross section of a flow system, when pres- 
sures and temperatures on the upstream side of this sec ‘tion aré the 

same (and shapes are the same), maximum mass flow will be pro- 
weniiianal to the square af the typical dimension. We are used to 
this relation in turbines, where critical flow through the nozzles is 
customarily considered. In the case of reciprocating engines the 
inlet-valve opening is usually the smallest cross section. It is 
thus easy to see that, under similar operating conditions, the 
maximum mass rate of air flow, and hence the maximum possible 
power output, is proportional to an area rather than a yolume. 
For flows less than critical, the foregoing considerations suggest 
that a Mach index, that is, an index defining the relation of flow 
velocity to sound velocity, will be of great importance. 

In dealing with questions of mass flow of air in reciprocating en- 
gines, it is convenient to use the parameter called “volumetric 
efficiency,” which will be defined here as the ratio of the actual 
mass flow to a mass flow equal to the displaced volume multiplied 
by: the air density in the inlet manifold of the engine. 

Appendix 2 shows that, for a series of similar engines operating 
under similar conditions, volumetric efficiene y isa function of the 
two nondimensional parameters 


s/c and slp/gou 


where s is mean piston speed, ¢ is speed of sound in air at inlet con- 
ditions, p is inlet-air density, «is viscosity of air at inlet conditions, 
lis the typical dimension, and go is the ¢oefficient relating force 
and mass. 

It will be noted that the first fraction in the series is in the 
nature of a Mach index and the second has the characteristics of a 
Reynolds index. The same system of parameters applies to a 
gas turbine by substituting rotor tip veloc ‘ity for mean piston 
speed. 

Volumetric Efficiency Versus Mach Index. 
that, 
heat-transfer coefficients, which depend on the Reynolds number, 
will be of considerably less importance in this p: urticular case than 
the forces due to inertia of the gas, which are de »pendent upon the 
Mach number, If this be the case, the curve of volumetric 
efficiency versus Mach index should be the sume for similar en- 
gines under similar operating conditions. Fig. © 


It might be inferred 
in reciprocating engines, variations in viscous forces and in 


constructed from 
tests on the M.I.T. similar engines, shows this assumption to be 
valid within the size range employed and within the accuracy of 
the measurements.? 

There is evidentiy no discernible trend on the basis of evlinder 
size, Which would not be.the case if the Reynolds index had an im- 
portant influence on volumetric efficiency.4 

The foregoing statement is not intended to imply that heat 
transfer is an unimportant factor in connection with volumetric 
As a matter 
of fact, heat transfer to the inlet gases accounts for a considerable 
portion of the difference between the actual and ideal volumetric 
efficiencies of most engines. 
from the M.I.T. tests, is the effect of size on the part which heat 
transfer plays in determining volumetric efficiency. 

Another important item to be noted is that the volumetric 


efficiency, or in other aspects of engine performance, 


What appears to be unimportant, 


? Since inlet temperature was the same, the value of the speed of 
sound ¢ was the same for all engines, and volumetric efficienc 'y has 
been plotted against s rather than against s /c. 

* Only a limited amount of testing has been completed as yet with 
the M.I.T. engines. The accuracy of measurement and reproduci- 
bility of results are, therefore, not yet as good as is hoped for later. 

‘Rise in Temper rature of the Charge as It Passes Through the 
Inlet Valve. " by J. E. Forbes and E. 8. Taylor, Technical Note 
No. 839, National Advisory Committee for Aeronautics, January, 
1942. 
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optimum spark advance: pi = 32 in 


. pe = 
gabsolute; Tj = 150 F.) 

efficiency versus piston-speed relation will not be the same for 

similar engines unless the connected inlet and exhaust systems 

Without such similitude, pressure-wave patterns in 

the inlet and exhaust piping will not be the same at the same 

piston speed. 


are similar. 


A third point to be noted is that the foregoing discussion applies 
to supercharged engines, provided the superchargers and their 
connections are similar. This conclusion follows, because the 
theory has placed no limitations on design detail. 

Since it has been common practice to regard “rpm” as an im- 
portant parameter of engine performance, the curve in Fig. 2 
been plotted versus rpm in Fig. 3. 
where evlinder size is not the same 


Heat Losses. 


and a 


has 


Obviously, rpm is a poor index 


The coefficient of heat transfer between a fluid 
depends on geometry, the local 
and Prandtl number. Assuming the same 
fluids and gases in our system of similar engines, the Prandt! num- 
bers will be the sume. 


solid surface and on 


Reynolds number 


Assuming internal Reynolds numbers to be 
a function of the Reynolds index, s/p/gou, with the same inlet con- 
ditions ancdat the same piston speed, heat-transfer coefficients will 
evidently together with 
existing knowledge of less complicated heat-transfer systems in- 


vary with size. Dimensional analysis, 


dicates that, under the conditions specified: 


1 Heat-transfer coefficients less as cylinder size in- 
creases, because of the increasing local Reynolds numbers both 
inside the cylinder and in the cooling system. 

2 In spite of the decreasing coefficients, in (1), 
temperature differences across the cylinder walls, piston, valves, 
ete., increase with increasing size, due to the longer heat-flow 
paths. 


grow 


mentioned 


3 Heat loss per unit wall area decreases with increasing size. 


Fig. 4, taken from the M.I.T. similar engines under similar 
operating conditions, confirms the second statement. These tem- 
peratures were taken by means of thermocouples embedded at 
corresponding points in the cylinder heads, close to the inner 
surface of the wall. 
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M.1.T. GeEoMETRICALLY SIMILAR ENGINES 


(Same operating conditions as in Fig. / & Temperatures were taken at corre- 
sponding points near inside surface of cylinder heads.) 


The implications of the second conclusion are highly important. 
It follows that, for similar engines run under similar operating 
conditions and at the same piston speed, stresses due to tempera- 
ture differences will increase with cylinder size. . In practice, this 
results in departures from similitude in the direction of more 
effective cooling as cylinder size increases. Oil or water cireula- 
tion within the pistons and exhaust valves of large cylinders-is an 
example. 

Indicated Mean Pressure. At the same volumetric efficiency 
and fuel-air ratio, indicated mean effective pressure will be the 
same, provided thermal] efficiency is the same. This statement is 
simply a matter of accepted definitions. aes 

At the same piston speed and fuel-air ratio, therefore, indi- 
cated mean pressure will be proportional to thermal efficiency. 
Due to the smaller heat losses of the larger cylinder one would 
expect its thermal efficiency to be higher. Fig. 5 shows, how- 
ever, that within the range of size of the M.I.T. engines, the dif- 
ferences in efficiency are smaller than the uncertainties of meas- 
urement, and the imep versus piston-speed curves are the same. 


Piston Speed, ft/min 


Fig. 5 Inpicatep Mean Errective Pressure Versus Piston 


Speep oF M.I.T. ENGINES 
(Symbols and operating conditions same as in Fig. 2) 


Figs. & and 7 show indicator diagrams made from the three en- 
gines at the same piston speed and under similar operating con- 
ditions. The diagrams are the same within the accaracy of 
measurement. At the same rpm the diagrams are quite dif- 


‘ferent. Figs. 6 and 7 lend further confirmation to the foregoing 


theory, including the predominant influence of the Mach index on 
volumetric efficiency. 

Following up this subject further, the author has plotted, Fig. 8, 
indicated thermal efficiency versus bore for a number of commer- 
cial Diesel engines, baséd on manufacturers’ data. If the data for 


large bores are representative, a trend in the expected direction is 


indicated. 

Fuel and Combustion. In spark-ignition, engines, flame speed 
tends to be proportional to piston speed, regardless of cylinder 
size. This being the case,the time required for the flame to cross 
the combustion chamber of similar engines running at the same 
piston speed increases in proportion to the, bore. The time re- 
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(Piston speed = 2040 fpm; other operating conditions same 4s in Fig.2.) 


Fic. 6 


-with a given fuel and fuel-air ratio. Thus there is an increasing 
tendency toward autoignition of the end gas, causing detonation,® 
as cylinder bore increases.” Another way of stating this relation is 
that the detonation-limited indicated mean effective pressure in- 
creases with decreasing bore. Fig. 9 shows this increase to be very 
rapid, although the slope of the curve may vary with the fuel 
used. This relation would tend to make small cylinders very de- 
sirable for aireraft engines, or in other services where supercharg- 
ing may be used and very high specific output is desirable. With- 
out supercharging and with a given fuel, compression ratio may be 
raised as cylinder size decreases, thus increasing indicated mean 
effective pressure and decreasing fuel consumption. If compres- 
sion ratio is not changed, a fuel more resistant to detonation will 
be required as the bore increases. It is considerations of detona- 
tion which, perhaps more than any other factor, have tended to 


limit the bore of spark-ignition engines to a maximum of 6 or 7 in.. 


for most purposes, 
In Diesel engines, on the other hand, most of the difficulty in 
* For definitions of ‘‘detonation,"’ ‘‘end gas,"’ and for a more com- 
plete discussion of this whole subject see ‘‘The Internal Combustion 
Engine,”’ by C. F. Taylor and E. 8S. Taylor, International Textbook 
Company, ed. 1948, chapt. 6. 
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OF 


securing satisfactory combustion rates centers around the “delay 
angle,” that is, the crank angle between the start of injection and 


the beginning of rapid combustion. The larger this angle, the 
more difficult it is to avoid excessively high rates of pressure rise. 
At the same piston spéed, as cylinders.get larger the time to 
traverse a given crank angle grows corresponding!y longer. Thus 
fuels with longer ignition delays can be tolerated as the bore in- 
creases, Which is of great practical advantage. In the other direc- 
tion, as bore gets smaller and rpm increase, either fuels with 
better ignition quality are required, or the design must be changed 
to incorporate prechambers designed to limit the rate of pressure 
rise over the piston. 

From these considerations it is easy to see why engines with 
very large cylinders are invariably Diesels. 
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(Piston speed = 2170 fpm, adapted from Kamm, Schriften der Deutschen 
{kademic der Luftfahrforschung, March 3, 1939, r is campression ratio.) 


Friction. It is well known that the coefficient of friction of 
well-lubricated bearings of similar design is a function of the 
parameter (uN/p), in which yu is the oil viscosity, NV is the angular 
velocity, and pis the unit load. We have shown that in similar en- 
gines running at the same piston speed and under similar operating 
conditions, p will be the same; 
proportional to the dimension, /, so that for the friction parameter 
to be the same for all engines of the series, 1 // must be the same.. 
In other words, oil viscosity must be proportional to the charac- 
teristic dimension, 1 
clusion for sliding bearings under conditions of fluid-film Jubrica- 
tion, 


N, obviously, will be inversely 


Similar considerations lead to the same com 


There remains the question of bearings operating under con- 
Less is known about this type of 
friction, but since it constitutes only a very small fraction of the 


ditions of partial lubrication. 


total friction, the assumption that all the coefficients of mechani- 
cal friction will be the same if oi] viscosity is proportional to bore, 
seems justified. 

Since unit bearing pressures in our similar engines under 
similar operating conditions will be the same at the same piston 
speed, unit friction forces should be the same, which means that 
the mean effective pressure to overcome friction should be the 
same. 

* Experiments on the M.I.T. similar engines have not borne out 
this theory, the mechanical friction mep being smaller as engine 
size increases, Fig. 10. The differences are larger than expected, 
especially in view of Fig. 11 which shows nearly equal values of 
friction mep versus piston speed for two engines of enormously 
different size. Further investigation of the causes for the wide 
differences in friction mep of the M.I.T. similar engines is indi-; 
cated. 

Brake Mean Effective Pressure. With equal indicated mep and 
equal friction mep, brake mep obviously will be the same. Even 
if friction mep is not the same, it is generally small enough com- 
pared to indicated mep so that the resulting differences due to 
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engine size should be small. Thus it is not surprising -that en- 
gines for similar service tend to be rated at the same brake mep 
and piston speed, as indicated by Fig. 12. : 
Power Qutput and Weight. Since power output is proportional to 
the product of piston area, brake mean effective pressure, and pis- 
ton speed, the output of similar engines running at the same 
piston speed will be nearly proportional to /*, that is, nearly pro- 
portional to the “piston area” rather, than the piston displace- 
ment. Since weight is obviously proportional to /*, or to dis- 
placement, the weight per unit output increases with the linear 
dimension. In spite of wide differences in design, this trend is 
indicated.by Fig. 13. This relation constitutes one of the strong- 
est arguments tor the use of smal] units or small cylinders, where 
feasible. - . 
Wear and Life. While the mechanism of wear and how to con- 
trol it is not yet clearly understood, there seems good basis for the 
following assumptions: 
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4 


(a) Depth of corrosive wear per unit time should be inde- 
pendent of size. 

(b) With the same materials, same unit pressures, depth of 
contact wear should be proportional to distance traveled. There- 
fore depth of contact wear per unit time should be the same for 
similar engines running at the same piston speed. 


’ should be measured by depth of wear divided 


Therefore, if (a) and (6) be 
true, wear damage per unit time varies in proportion to the 
In other words, the “life’’ of similar en- 


Wear “damage’ 
by the dimension of the worn part. 


reciprocal of the bore. 
gines, as limited by wear, increases as the cylinder bore increases. 
This conclusion is in ling with common experience. 

Costs of Manufacture. These depend on weight of materials, 
size of parts, and on the number and character of machine opera- 
tions. The small unit would appear to have the advantage in re- 
spect to weight and size, but of course requires more parts for the 
same power output. However, small parts lend themselves to 
mass-production methods better than do large ones. The follow- 
ing figures apply to two engines with cylinders of nearly similar 
design : 


. Retail 
Weight, price, 
Engine No.cyls. Bore,in. Stroke,in. Rpm Ib/hp $/hp 


GM 6-71 6 5 1800 180) 12.1 28 
GM 16-278 16 81/2 10° 750 1600) 17.5 31 

Nore: Prices include d-c generator, were quoted in Boston, Mass., 1949 
Otuer figures from Diesel Power, April, 1949. 

Ii is known that the cost per horsepower of Diesel engines with 
very large cylinders is much higher than the figures given. 

American Diesel Engines. Maximum rated brake mean effec- 
tive pressure and the piston speed at maximum rating are shown 
for U. 8. Diesel Engines in Figs. 14 and 15, respectively. 

Mean effective pressures and piston speeds, on the average, de- 
crease slightly with bore, partly due to considerations ef increas- 
ing temperature stresses, and partly to the fact that as engines 
get larger there is less opportunity for development work and 
ratings must, therefore, be conservative. 

A Contrast. Fig. 16 shows a composite view of a Nordberg 29- 
in. X 40-in. two-stroke Diesel engine and an Arden 0.495-in. 
x 0.516-in. model airplane engine, also a two-stroke compres- 
sion-ignition type. In spite of the considerable difference in size 
and field of these two engines, the last three figures in Table 1! 
show their basic similarity. 


ENGINE TYPE UNSUPER- 


a} 

PASSENGER CAR 
4- STROKE DIESEL a 4 

v 


2-STROKE DIESEL 
2-STROKE OUTBOARD 


JUNKERS 2-STROKE DIESEL 
AIRCRAFT 


SUPER- 


CHARGED CHARGED 
COMBAT AIRCRAFT ° fof 
TRAINING AIRCRAFT 


400 


TT 
totes? 


4 4 
MIT T 

4 


++ 


TTTT 


Brake mep, psi 


400 600 800 1000 


40 
2000 3000 4000 


Piston Speed, ft/min. 


Fic. 12 


Ratrep Brake Mean Errective Pressure, Piston Sprep anp Power Per Square-INncu 


Piston Area or Various Tyres or ENGINES 


(Published ratings, 1945; 


Combat aircraft-engine ratings are at sea-level take-off with 


100-octane gasoline, 


without water injection; P/Ap lines are constant ratios of horsepower to piston area in sq in. for 4-stroke en 


gines: multiply by 2 for 2-stroke engines. 
Group A, Combat aireraft engines . 
Group B, Training -aircraft engines 
Group C, Passenger-car engines 

Group D, Outboard marine engines 
Group E, Heavy-duty Diesel engines 


Remaining points are for miscellaneous Diesel engines including automotive and locomotive types.) 
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SYMBOLS 


UN-SUPER- SUPER- 
FOUR-STROKE CHARGED 
AUTOMOTIVE ° 


LOCOMOTIVE 
SUBMARINE 


OTHERS 


AUTOMOTIVE 
MOTIVES 
eMARINE 


Bore, inches 


Weicut Per Rarep Brake Horsepower Versus Bore or Represenrative U. 8. Compression-IGNITION ENGINES 
* (Data from Diesel Power and Diesel Transportation, April, 1947.) 


TABLE 1 ENGINE DETAILS 
Nordberg 


Bhp per cylinder 

Rpm 

Cylinder displacement, i in. 3 

Piston speed, fpm... 

Bmep, psi 

Weight + bore’, Ib/in.*............. 


The performance figures for the Arden were obtained by test at 
M.1.T. at maximum output. Those for the Nordberg are the 
manufacturer's ratings. The weight of the Arden has been cor- 
rected on the assumption that the aluminum parts are‘changed to 
cast iron, to correspond with the materials used in the larger en- 


gine. 
CONCLUSION 
Table 2 has been prepared to summarize the practical aspects of 
the foregoing discussion. 


TABLE 2 SUMMARY OF ENGINE DATA DISCUSSED 


For a given output and for: *Unit size Cylinder size 
should be should be 


Smallest weight small small 
Smallest volume . small small 

west first cost. stall small 
Lowest fuel 

Diesel. large 
Cheapest fuel, Diesel cad large 
Lowest fuel consumption, oat 

ignition ; small 
Cheapest fuel, spark ignition. ‘ emall 
Longest life (weas) large large 


Appendix | 


Similar Engines. These will be taken as engines in which all 


corresponding length ratios are the same arid in which the game 
materials are used in corresponding parts. Such engines can, be 
completely described by the following notation: 

Typical dimension. . 

Design (length) ratios... 

A bill of materials 


Basic properties of the materials can be spec ified hy the value 
fora given material. For example: 

All moduli of elasticity will be proportional to a characteristic 
modulus, E. 

All densities of material will be proportional to a ¢ maracteristic 
density p. 

The same can be said for heat conductivities, etc. 
Fundamental Dimensions 

For purposes of this discussion, the fundamental dimensions are 
taken as follows: 


Inertia and Gravitational Stresses. In so far ag stresses due to 
inertia and gravity are concerned, only the’ following 
will be important: 


Name Symbol 
Characteristic length l 

Characteristic density 

Characteristic modulus of elasticity. 

Angular velocity 

Crank angle 

Damping coefficient* 

Acceleration of gravity... . 

Dimensional constant connecting force, 


mass, and acceleration MLT~-F- 


® The damping coefficient here referred ‘to is the damping force pet unit 
area and per unit velocity between rubbing surfaces. The internal damping 
coefficients of the materiale will of course be the same in similar engines 
Introducing the typical stress ¢, which-has the dimensions FL-? 
we can write the dimensionless equation 


(= gol “Co 


’ ’ ’ 9, R :R 
ogo Ego ago 


Psi 


BRAKE MEAN EFFECTIVE PRESSURE 


PISTON SPEED, FT/MIN 


610 
66 
22 
18 
F 
| 
40 
1. 


SUPERCHARGED FOUR-STROKE 


| 


| 


AUTOMOTIVE | GROUP 

1 
ao 
i| ¢ AUTOMOTIVE 


| 2 
UNSUPERCHARGED FOUR-STROKE 
@ NORMAL TWO-STROKE BORE 
29° BORE 


T 
VY-DUTY TWO-STROKE 


SYMBOLS 


UN-SUPER- SUPER- 
FOUR-STROKE CHARGED CHARGED 
AUTOMOTIVE ° 


LOCOMOTIVE & 
SUBMARINE 


OTHERS 
IWO-STROKE 
AUTOMOTIVE 
LOCOMOTIVE & 

SUBMARINE 
OTHERS 
2 4 8 10 14 16 i8 

INCHES BORE 

Fig. 14 Ratep Brake Mean Errective, Pressure Versus Bore or Representative U. 8. Compresston-IGNit1ion ENGINES 
(Data from Diesel Power and Diesel Transportation, April, 1947 
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OTHERS 


6 8 12 14 16 
INCHES BORE 
Fic. 15 Piston Speep at Ratep Power Versus Bore or Representative U. 8S. Compresston-IGnition ENGINES 
(Data from Diesel Power and Diesel Transportation, April, 1947.) 
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ndic a function of what follows. This notation 
means the: at if aueks ure assigned to all but one of the terms in 
the parentheses, the value of the remaining term is determined. 
The third term in parentheses describes a parameter controlling 
stresses due to gravity. It is evident that these stresses vary with 
the typical length, /. Assuming such stresses to be negiigible, and 
omitting all constant terms gives 
p(I2)? 
= ( 
oo Ego pl 
C' will be the same in similar engines provided the oil viscosity 
is proportional to the bore. Assuming this to be the case, and 
eliminating all constant quantities, we can write the following 
equation, no longer dimensionless 
= (10,0) 


This equation indicates that corresponding stresses will be the 
same at the same values of mean piston speed and crank angle. 


Appendix 2 


. Volumetric Efficiency of Similar Engines. Assuming similar de- 
sign, the independent engine variables which affect volumetric 
efficiency can be taken as follows: . 


Variable Symbol Dimensions 


Typical length 5 l L 
Angular velocity Q t-1 
Inlet pressure 4 ; FL-?3 
Exhaust pressure FL~? 
Inlet temperature... 


Fic. 16 Comparison or a. Dieser En- 
GINE AND AN ARDEN Moper AIRPLANE ENGINE 
Nordberg 


Bore, in... 

Stroke, in 

Cylinder displacement, i 
No. of cylinders... 
Bhp per cylinder. . 

Rpm 

Piston speed, fpm 
Bmep, psi. ‘ 
Weight + bore’, 


Variable Symbol Dimension 
Coolant temperature. . . 
Fuel-air ratio 
Inlet-gas characteristics: 
Density 
Viscosity 
Speed of sound: 
Ratio of specific heats 
Prandtl number Tp 


Since the Prandtl number is the same for real gases, it can be 
omitted from-further consideration. Adding volumetric efficiency, 
which is the dependent variable under consideration, we can 


Cr 


write , 
pl’ p, ,, T; 
?1 (-.. I 9 J 4 


gon’ 
Let it be assumed that similar engines all use the same inlet gas 


(air), and that the fuel-air ratio, pressures, and temperatures are 
held constant. Omitting the constant arguments yields 


omitting all constant quantities 


= ¢; (IQ, 1) 


The function indicated by ¢; now contains constants which are 
not dimensionless. It indicates that, under similar running con- 
ditions, the volumetric efficiency of similar engines is a function of 
piston speed (/2) and of the bore (1). The presence.of the term () 
comes from the Reynolds index. If viscous forces and variations 
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in heat-transfer coefficient are considered to have a negligible in- 
fluence, volumetric efficiency becomes a function of piston speed 
alone. 


Discussion 


L.. E. Jounson.? The thesis Professor Taylor has presented 
has been carefully developed in two ways: analytically ds a 
problem involving mechanics, hydraulics, and empirically other 
sciences; and by testing and studying the actual performance 
of products that are essentially similar. 

In any discussion of the effect of engine size on volumetric 
efficiency, the effect of the residual or unscavenged gases on the 
effectiveness of the succeeding induction stroke should not be 
overlooked. 
cylinder wall with increase in eylinder bore, as pointed out in 
the paper, these residual gases are measurably higher in enthalpy 
per cubie inch of displacement than in the smaller-size cylinders. 
The hotter gases, undoubtedly, tend to reduce the volumetric 
efficiency of larger engines. 


Because of lower heat transfer from gases to the 


However, as a matter of experience, 
we know that the volumetric efficiency is essentially identical 
for the same piston speed in cylinders of varying size. We may 
conclude that the heating effect of residual gases is balanced 
out by the reduced heat transfer to the incoming air in the 
manifolds of the larger bore engines, a factor which the author 
points out but adjudges insignificant. Thus, while the conclu- 
sion drawn by the author regarding volumetric efficiency is still 
essentially correct, for a full understanding of the phenomena 
these two balancing factors should not be overlooked. 

In general, the experience of engine manufacturers with the 
effect of engine size on friction horsepower is in line with the ex- 
perience cited in the paper and contrary to the conclusion arrived 
at analytically, that fmep should remain constant. In general, 
smaller engines have higher fmep and, as a result, higher fuel 
In 
trying to determine where the extra losses occur, we have 
stripped our smaller engines part by part and have found that 
most of the difference results from greater heat losses which 
make available for recovery a smaller percentage of the work of 
compression. The indicator card may not be accurate enough to 


“consumption at a given bmep than do larger bore engines. 


show this but motoring tests certainly do. 

Perhaps the difference may, be explained by the difference in 
rate of heat transfer per cubic-inch of displacement to the cylinder 
walls during the compression and expansion strokes with varying 
bore. Presuming that greater heat transfer in the smaller engines 
does alter cylinder pressures, then the determination of friction 
horsepower by computing the difference between bhp and ecard 
indicated horsepower would not reveal the loss to the evlinder 
walls whereas friction determined by motoring would. However, 
a comparison of very accurate indicator diagrams obtained on 
different sizes of similar engines should reveal lower pressure 
levels on the smaller bore engines, providing compression ratios 
and timing events are identical. This difference in friction is not 
a pumping loss in the normal sense, to be measured by analyzing 
the indicator diagram during the intake and exhaust stroke, but 
is a loss of a portion of the energy stored during compression, 
which cannot be returned to the crankshaft during expansion. 
In this regard it should be pointed out that the two engines com- 
pared in the paper, namely, the GM 671 and the large Sulzer two- 
stroke cycle Diesel are quite dissimilar in design. The former has 
a stroke to bore ratio of 1.18 and operatés on fast-burning fuels, 
whereas the latter has a stroke to bore ratio of 1.8 and undoubt- 
edly is operated on bunker C or other heavy fuel. 


7 Staff Engineer, Research Department, Caterpillar Tractor Co., 
Peoria, Ill. 


In general, bearing friction is a very small proportion of engine 
friction at normal operating temperatures. While the conclusion 
drawn is that bearing friction will be an identical fraction of out- 
put in similar engines, the inference that the large engine should 
be supplied with a heavier oil than the small engine may be in 
question. Certainly for equal unit friction, oil viscosity must be 
greater in the bearings of the larger engine, However, due to the 
longer leakage path across the bearing of the larger engine with 
the same average hydrodynamic pressure as in smaller engines, 
the larger bearing must run with greater clearance. This in itself 
results in a lower rate of shearing per unit volume of lubricant 
which in turn produces less bearing temperature rise within the 
engine. This results in less reduction in viscosity, requiring still 
more flow clearance and still less heating, sufficient to establish 
the required balance of pressure and viscosity. Thus automatic- 
ally the oil is more viscous due to less heating in the bearing of the 
large engine to a degree which may eliminate completely any dif- 
ference’in viscosity grade of oil required. 

Any manufacturer concerned with engine design for wide 
customer acceptance, is concerned with production and main- 
tenance costs, Some analysis of the relation between the costs of 
similar engines of different sizes would be intensely interesting. 
This analysis would be complicated by the wide spread in unit 

This is 
While the 
smaller part may have to be discarded in a shorter period of time 


costs for parts made in different quantities per year. 
particularly significant in analyzing the cost of wear. 


due to less capacity for wear, the replacement cost is often so 


* much less due to the combined factors of size of part and use of 


mass-production tooling, that replacement cost per horsepower- 
. hour is competitive. The labor involved in installing the smaller 
part is also less as is also the cost of invested capital that is tied 
up during the life of the engine and during nonproductive time. 

Perhaps the tendency of manufacturers to operate large-bore 
engines at lower bmep is not because of the inherently poor capa- 
bilities of the larger cylinders, but rather because of the different 
nature of the applications to which the different engine sizes are 
applied. It is our experience with similar engines in similar serv- 
ice that the opposite is true, that the larger cylinder can operate 
at higher bmep, providing that piston temperatures which tend to 
be higher are controlled. 

On the other hand, the trend to lower piston speeds for large- 
bore engines has several practical explanations; Piston tempera- 
ture drops at a greater rate through reduction in piston speed than 
it does from reduction in bmep so that lowering speed is a more 
desirable method of controlling piston temperatures than is 
lowering of bmep. In fact, it is possible, by lowering piston speed 
and increasing bmep, to reduce piston temperatures without. re- 
ducing horsepower output of a giyen-size cylinder. Another con- 
sideration is that the slower-burning heavy fuels have their widest 
use in the larger engines and are more completely burned at lower 
piston speeds, ° ‘ 

An analysis of the effects of bmep and piston speed on piston 
temperatures indicates that piston speed should not be held as a 
How- 
ever, the product of piston speed and bmep will be constant for 
equal service life of similar engines provided piston speed is ad- 
justed downward with increase in cylinder bore sufficiently to 
maintain piston temperature constant. 


constant factor for similitude in rating similar engines. 


The effect of Diesel-engine speed on ignition delay varies from 
In some 
engines the conclusion drawn in the paper that ignition delay in 
crank-angle degrees increases with speed may be true. However, 
ignition-delay time in precombustion-chamber engines tends to 
vary inversely with engine speed in similar engines, undoubtedly 
because of increased turbulence at increased speed. It is interest- 


one type of Diesel combustion system to another. 


ing in this regard to point out that supercharging reduces ignition 
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"is of vital importance. 
“was a totally different answer to that of the author. 


lag in Diesel engines to an insignificant interval, from a practical 
standpoint. 


Te. 
clarity, 


The author has attacked a basic problem with 
both by theoretical analysis and by experimental investi- 

The paper contributes greatly toward making engine 
design more of a science than an art. — 

In connection with the curves of friction mep versus piston 
speed, Fig. 10 of the paper, the writer would like to ask whether 
or not the three similar engines were made with the same degree 
of surface finish, particularly on the pistons, piston rings, and 
cvlinder walls. 

To be exactly geometrically similar, of course, the engines 
should have different degrees of surface finish.’ If they were made 
with the same degree of finish, then, relatively speaking, the 
small engine would be rougher than the medium engine, and the 
medium engine rougher than the large engine. In this event the 
friction mep naturally would increase with decreasing size, in 
view of the fact that lubrication between the pistons and cylinder 
walls is relatively poor, 


gation. 


kk. T. Vincent.’ The paper under discussion is of some theo- 
retical interest but seems to the writer to be of minor practical 
importance since no design criteria for any particular type of ap- 
plication is involved in the analysis. True,.it isshown that, given 
the correct parameters, a number of similar engines have similar 
characteristics, but this does not mean that any one of such a 
series is of special application to any particular job. It is the en- 
gine least suited to its own particular application that has the 
least chance of success. : 

Again by employi ing data from a a number of engines the 
author draws a series‘ of straight lines from which he infers that 
an average engine fulfills his theoretical approach. It is true that 
the average line, in some cases, does so indicate. However, as an 
example, if one has not formed an opinion as to how the line 
should be drawn, the automotive engines in Fig. 14 of the paper 
lie along a line with a slope of about 45 deg up toward the right 
much better than the approximately horizontal line drawn by the 
author. 

Again comparison is made between engines of small bore and 
Is not the rating 
to achieve long 


high speed, and large-bore slow-speed engines. 
of the latter deliberately held- down in order 
life? 

The question of rating is peculiar to the application. The 
writer knows of a comparison, somewhat.-similar to the author's, 
made many years ago, of engines for a particular duty in which 
the assumed conditions were somewhat different. Not only was a 
specifie requirement laid down, but a.given space was prescribed 
at the same time. This was a submarine application where space 
The result of these differing assumptions 
In this case, 
for a given output and space limitation the largest cylinder that 
could be employed, coupled with the fewest number of eylinders 
was proved, in an equally satisfactory manner as that of the 
author's, to result in the smallest weight for the required maxi- 
mum power output. Tt will be observed that these results are in 
direct opposition to those in the paper under discussion, illustrat- 
ing the great effect the initial assumptions can have on the final 
results. 

The writer would differ from the author's conclusion that the 
lowest fuel consumption for a spark-ignition engine is attained in 
the small evlinder. This is contrary to practice where it is well 
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known that @ fairly large cylinder is required for good fuel con- 
sumption, e.g., the work at Studebaker during the last war to de- 
velop the most economical engive. This was not done in sraall 
bores. ‘ 

In practice it is well known that high speeds are conductive to 
high frictional losses which is confirmed by the results observed 
from the M.I.T. similar engines. The mean-piston-speed com- 
parison in Fig. 11 is not considered to cover a wide enough range 
to bring out any effective result, since comparison over about 400 
to 700 fpm is out of range for the high-speed engine of, say, 300 

to 2500 fpm. 

While on the subject of frictional losses, ‘the author states that 
the friction mep is, in general, such a small quantity compared with 
the imep. The writer would hardly consider 30 per cent of the 
imep a smal] quantity that could be neglected in the comparison; 
and that is the value to be expected in many high-speed small- 
bore engines which are unsupercharged. i 

Some figures of interest regarding the comparison in Table 1 


of the paper are‘given as follows: : 
- Four-cycle Two-cycle 

locomotive locomotive 
engine engine, 

Bhp per cylinder 50° 65 
Rpm 800 1400 
Weight bore? 0.965 1.35 


Both of the Diesel engines listed have considerable life, the 
first having operated on railroads for many millions of miles. 
Comparing these figures with the author’s seems to indicate that 
the comparison in the paper was somewhat accidental. , 

The writer would like to suggest another reason for the similar- 
ity of the various engines in Some of the different groups, viz., 
competition. cannot afford to produce an 
outstanding engine and sell it in a certain field against competi- 
tion with a cheaper unit that will perform with a reasonable de- 
gree of satisfaction, the result being that each type of application 
has very similar engines built by different manufacturers. If the 
trade would stand for a better engine, there are many cases where 
great improvements can be made at some increase in cost, etc., 
and the result would be that most of this data would not plot 
near the author's lines and ‘would tend to make curves in place 
of straight lines. 


The nianufacturer 


AvuTHOR’s CLOSURE 

In replying to, Mr. 
gases fill the clearance space,at exhaust pressure when the inlet 
valve opens. Then the temperature of the residual gases has 
little direct effect on volumetric efficiency because the volume of 
residuals plus fresh mixture is not altered appreciably by the 
mixing process. The chief thermal effect on volumetric effi- 
ciency is due to heat transferred to the fresh mixture from the 
engine parts, and this would tend to be less with the larger 
cylinder, as stated in the paper. T he author sees no e fect whic *h 
would tend ¢o balance this one out as bore increases. - 

W ith regard to engine’ friction, indicator diagrams taken both 
before and since writing the paper show both light-spring and 
heavy-spring diagrams, to be identical at the same piston speed. 
The differences in “friction” are, therefore, truly frictional and 
are not connected with heat losses from the gases. Further test- 
ing since the paper was written shows that the motoring fric- 


tion mep is substantially the same at the same piston speed for 


all three engines, but that the difference between indicated and- 
brake mep is substantially the “frictfon mep’’ shown in Fig. 10 
of the paper. At present we are inclined to agree’ with Mr. 
Johnson that these differences in friction are characteristic of the 
differences in cylinder size, but the explanation is not yet ob- 
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Johnson, let us assume that the residual ° 


large 
with 
Wi 
the | 
Have 
Beari 
to the 
the s 
lower 
Th 
impor 
more 
With 
14 an 
piston 
possik 
loweri 
In 
iS apy 
simila 
neglig 
wear, 
perien 
greate: 
have | 
OF cou 
but in 
given | 
tions fe 
Witl 
obviou 
paralle 
range ¢ 
Ina 
that ra 
as well 
only su 
engines 
class, 
and [5 
actually 
In th 
-Profess 
the asst 


current 


used, ir 
largest 
would b 
With 
spark-ig 
sumptic 
the kne 
Studeba 
large cy 
Since b« 


one coul 


644 
a 
= 
| q 


TAYLOR—EFFECT OF SIZE ON DESIGN AND PERFORMANCE OF INTERNAL-COMBUSTION ENGINES 645 


vious. One reason might be the higher wall temperature of the 
larger cylinder, which reduces oil viscosity below proportionality 
with bore. 

With regard to bearing friction, the author does not agree that 
the larger bearing with proportionately larger clearance will 
ltave less temperature rise in the oil at the same value of (uN p). 
Bearing wall temperatures will be higher in the large bearing, due 
to the longer path for heat conduction from the bearing, so that at 
the same nominal value of (uN p) the actual value may be 
lower, 

The author is in agreement with Mr. Johnson regarding the 
importance of production and maintenance costs, and hopes that 
more study will be given to the effect of cylinder size on such costs, 
With regard to the effect of cylinder size on engine ratings, Figs. 
14 and 15 of the paper show that, on the average, both bmep and 
piston speed fall off with increasing bore at about the same rate. 
Apparently manufacturers, in general, have not appreciated the 
possibility of holding temperatures down by raising bmep and 
lowering piston speed as the bore increases. 

In reply to Mr. Tsu, the surface finish in the three engines 
is approximately the same, and therefore is not geometrically 
However, within the usual limits, 
negligible effect on engine friction. 


surface finish has 
The effect of surface finish on 
wear, however, may be quite important. 


simifar. 


Referring to Professor Vincent’s comments, the author's ex- 
perience is that the relations expressed in this paper are of the 
greatest practical importance, especially in design, and that they 
have been unconsciously recognized and used for a long time. 
Of course each design must be made to meet its particular needs; 
but in recognizing the limitations common to all machines of a 
given type, an excellent basis is laid for the nec essary modifica- 
tions for a particular case, ° 

W ith regard to the drawing of the curves in Figs. 14 and 15, it is 
obvious that the lines for the automotive group were drawn 
parallel to those indicated by groups which cover a much wider 
range of evlinder size. 

In answer to Professor Vincent's third question, it is agreed 
that ratings for large cylinders tend to be held down for long life 
as Well as for the other reasons stated in the paper. The author's 
only surprise is that the average bmep-and piston speed of large 
engines are’so little smaller than those of small engines of the same 
class. It might be expected that the average curves in Figs. 14 
and T5 would fall off more rapidly with increasing bore than they 
actually do, 

In the case of the subm: arine engine quoted as an example by 
Professor Vincent, the author would be interested to learn what 
the assumptions were and whether or not this installation is still 
current. Perhaps the assumption of direct propeller drive was 
used, in which case the rpm was set by the propeller, and the 
largest evlinder, which would give a reasonable piston speed, 
would be the logical choice. 

With re Ki ard to the effect of cylinder size on fuel ¢ onsumption of 
spark-ignition engines, the small ¢ ylinder has a lower fuel con- 
sumption only if the compression ratio is allowed to rise to hold 
the knock limit the same. 
Studebaker tests was, if the author remiembers correc tly, that the 
large cylinder had no poorer fuel consumption than the small one. 
Since both cylinders had the same compression ratio, the larger 


The conclusion reached from the 


one could be expected to have a slightly better fuel consumption: 


at the same piston speed, owing to sm: aller heat losses and friction 
losses. 

With regard to Fig. 11 of the paper, it is to be regretted that 
the points for curve No. 2 cover such a small speed range. Pro- 
fessor Vincent can be assured, however, that the curve of fric- 
tion mep versus piston speed of this engine would not flatten out, 
but would follow essentially the path of the other curve. He 
states: “High speeds are conducive to high friction losses.’ The 
author agrees with this statement e ntirely, but when cylinders of 
different sizes are being compared, the speed must be piston speed 
in order to make the statement accord with reality. 

The author fails to see the relevance of the table ‘of figures 
given by Professor Vincent. Table 1 of the paper refers to a pair 
of two-stroke loop-scavenged engines whereas his table c ompares 
a four-stroke and a two-stroke engine. No claim is made that 
similitude can be stretched to cover both types. However, al- 
though the Arden and Nordberg engines were chosen for com- 
parison before their performance data were available, we could 
hardly expect such close agreement on weight /bore,*? except by 
chance. 

With regard to the last statement of Professor Vincent’s com- 
ment, the author is in total disagreement. As engines are im- 
proved toward optimum design for a given service, they correlate 
better and better on the basis of rated mep and piston speed, 
This trend can easily be verified by plotting a graph, similar to 
that of Fig. 12, for the year 1910, or by leaving obsolescent en- 
gines out of ne 12 of the paper. 

In conclusion, the theory of similitude is’ offered not as a pana- 
cea, but as a tool which can be of great assistance toward ration- 
alization of the design process, which is all too empirical at best. 
Its validity, at least in many respects, is shown by the performance 
of the M.I.T. similar engines. Since commercial e: igines are not 
similar, they can"be expected to follow the laws of similitude only 
in a general way with wide departures in iridividual cases. Such 
wide departures usually indicate either a mistake in r: ating or some 
unusual feature. If the departure is below the average there 
should be an immediate investigation by the producer, and if 
by his competitors. Used in this way, the 
theory, intelligently applied and with a full appreciation of its 
limitations, can result in significant improvements in the art of 
engine design. 

Previous Work on Similitude. 


above the average, 


It should have been stated in the 
paper that the general theory of similitude in engines, and par- 
ticularly the importance of piston speed as a limiting factor, is not 
new. A list of references on the subject follows: the paper is 
sithply an attempt to explain and extend the theory and to come 


pare its predictions with the behavior of actual engines, 


“Design Limitations of Aircraft Engines,” by E. 8S. 
Digest, vol. 26, January, 1935, pp. 22-27 and 45. 
“Diesel Engine Design,” by H. F. P. Purd lay, D. Van Nostrand 
Company, Inc., New York, N. Y. (Constable and Company, Ltd., 
London, England), 1937; revised, 1948. See especially chapt. 5. 
“Ergiebennisse von versuchen mit geomitrischerenlich Gebauten 
Zy lindern verschiedener Grésse und Folgerungen fir die | lug- 
motorentwicklung,” by W. 9 amm, Schriften der Deutschen Acadamie 
der Luftfahriforschung, vol. 12, March 3, 1939, 33 pp. 
“Dynamie Similitude in Combustion Engines,"" by 
. Lutz, NACA Technical Memorandum No, 978, May, 1941. 
“Heat Transfer in Geometrically-Similar Cy linders,” "by P. Riekert 
and A. Held, NACA Technical Memorandum No. 977, 7, May, 1941. 
“Die Dynamik der Verbrennungskraft-Maschine.”’ "by H. Schroén, 
Julius Verlag, Vienna, Austria, 1942, 
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Influence of Compressibility on Cylindrical 


t 


In thé cylindrical Pitot tube, an opening at the critical 
angle with the flow gives the static pressure. For small- 
diameter tubes this critical angle is 39'/, deg for incom- 
pressible fluids in a certain range of turbulent flow. Using 
a wind tunnel, the distribution of pressure was measured 
on the surface of '/;-in. and °/\.-in-diam.cylinders at Mach 
numbers ranging from 0.13 to 0.87. The change in the 
pressure distribution on the surface of the cylinders was 
small in the range of Mach numbers up to 0.25. In this 
range the critical angle was constant, and a simple cylin- 


drical Pitot tube would be convenient for direct measure-: 


ments of static pressure. At the higher Mach numbers, 
particularly above 0.4, the critical angle increases above 
that for incompressible flow. The directional accuracy of 
the cylindrical Pitot increases as the Mach number in- 


creases. 


HE measurement of velocity in a gas stream is of basic im- 
portance in fluid mechanies, both in research and industrial 
applications. The cylindrical Pitot tube, or the so-called 
‘direction-finding”’ Pitot tube, is one device of several for measur- 
ing velocity. This tube has advantages in certain cases. It can 
‘be used for the measurement of both magnitude and direction, 
and it is convenient for various mountings, as in surveys in pumps, 
fans, and compressors. 

Consider the two-dimensional flow around a cireular cylinder 
whose axis is perpendicular to the stream some distance ahead of 
the cylinder. Let p, represent the upstream static pressure, and p 
the pressure at some point on the surface of the cylinder. As 


illustrated in Fig. 1, the pressure difference (p — y:) decreases 


L 


Pressure ON SuRFACE OF CYLINDER 


Fig. 1 


with angle on each side of the stagnation point B until the dif- 
ference is zero at points A and C. If pressure taps were placed at 
A and C, the pressure transmitted to a gage would be the static 
pressure p,;. The critical angle @, is defined as the angle between 


' Engineering Department, Arabian-American Oil Company, San 
Francisco, Calif. Jun. ASME. 

* Professor of Mechanical ‘Engineering, Purdue University, West 
Lafayette, Ind. Mem. ASME. 
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presented at the Annual Meeting, New York, N.Y., November 
27—-December 2, 1949, of Tue American Society or MecHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
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Pitot-Tube Measurements 


toe 


By L. W. THRASHER! anv R. C. BINDER? 


the stagnation point on the cylinder and the point on the cylinder 
at which the surface pressure is equal to the static pressure. 


magnitude and direction. Various constructions are possible. In 
one type, a hollow cylinder can be arranged with two holes; each 
hole leads to a separate compartment connected to a suita- 
ble gage. The angle between the holes is twice the critical 
angle, as the angle between A and C in Fig. 1. The tube in a 
stream of unknown direction can be rotated about its axis until 

the pressuré at each hole is p,. In this position the bisector of the — 
angle between the holes gives the flow direction. If the tube is’ 
rotated about its axis so that an opening is in line with V;, this 
opening will give the stagnation pressure. 

The foregoing discussion indicates the use and importance of — 
Information is useful: 
particularly for small-diameter tubes, because it,is desirable 
minimize disturbances of the flow. 


experimental data on the critical angle. 


Previous Work 

Various data for incompressible flow have been reported. For 
example, Dryden (1)8 was one of the first to present measurements _ 
of critical angle. A critical angle of 39'/, deg for 3/\.-in. and 
'/,-in-diam tubes at a tube Reynolds number of 1.2 & 104 was the 
result of a large number of tests with air reported by Fechheimer 
(2). Binder and Knapp (3) used a critical angle of 39'/, deg on 
3/,-in. and '/,-in-diam tubes. These tests were made in water at 
a Reynolds number approximately that of Fechheimer’s tests. 

There is a definite need for further experimental information on 
the cylindrical Pitot tube, particularly for compressible flow 
around small tubes. The following presentation gives the results — 


of measurements designed to help fill the gap in present literature. 


EXPERIMENTAL INVESTIGATION 
Using a wind tunnel, the distribution of pressure was measured 
on the surface of '/s-in. and * /\s-in-diam cylinders at Mach num- 


Cylindrical Tube 


Air Flow 


| 
Test Section 

inlet 

Fic. 2) DiaGramMatic Sketcu or WIND TUNNEL 
bers ranging from 0.13 to 0:87. Fig. 2 shows a diagrammatic 
sketch of the tunnel. Atmospheric air entered the bell inlet and | 


’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. : 
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If the critical angle for a flow range is known, then for that range 
a Pitot tube can be constructed for measuring velocity in both 
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passed through the’ test section. In the test section the area 
normal to the flow was a square 5 in. on each side. The diffuser 
at the end of the test section was connected to the inlet of a com- 
pressor, A screen and an egg-crate type of straightener were 
mounted at the bell inlet. The flow through the test section was 
parallel and uniform. 

Each cylinder was placed in the test section as indicated in Fig. 
2. Each cylinder was a seamless brass tube with a No. 80 (0.0135- 
in.) hole. Care was taken to havea radial hole, a hole free from 
burrs, and a smooth tube surface free from scratches. The pres- 


sure p at the tube hole was megsured by water and mercury 


manometers, The reference static pressure p; was measured at 


_ tunnel-wall pressure taps, in a test plane normal to the flow and 


passing through the cylinder. 


For the type of tunnel used, assume that there is no heat 
transfer through the tunnel walls. As the air expands from the 


oT _ atmosphere to the test plane, a tube placed at the test plane will 


pressure. 


then-measure a stagnation pressure p, equal to the atmospheric 
Tests showed this assumption to be accurate. 


Fic. Notation ror MEASUREMENTS 


Let.M, represent the Mach number of the flow just upstream 
from the Pitot; M: = V:/c, where c, is the acoustic velocity. 
Fig. 3 illustrates the notation. 
specific heat at constant pressure, and c, is the specific heat at 
constant volume. In the test section, the energy equation for an 
isentropic process applied between the undisturbed flow and the’ 


Let k = c,/c,, where c, is the’ 


OF THE ASME 
= 
(k—l) 
(2) 

In Equation [1], p2 and p; are absolute pressures. From the 
adiabatic relation between pressure and temperature, we can 
write 

T2 

where 7: is the absolute stagnation temperature, and 7; is the 
absolute static temperature. The stagnation temperature was 
taken as the temperature of the’atmospheric air. For an ideal 
gas, c, = WV kgRT,, where g is gravitational acceleration, and R is 
the gas constant. - Thus from measurements of pressures and 
temperature, it was possible to determine Mi, c:, and V;. 

Fig. 4 shows typical pressure-distribution curves at low Mach 
numbers. The pressure difference (p — p,) is plotted as a func- 
tion of angle. The critical angle. 6, for the '/s-in-diam tube at 
both Mach numbers of 0.13 and 0.25 was 39'/, deg. Fig. 5 shows 
a plot of a dimensionless pressure ratio versus angle for a range of 
Mach numbers. At the low Mach numbers the curves are close 
together. As the Mach number is increased, the critical angle in- 

The solid line in Fig. 6 shows a plot of Mach number versus 
critical angle for a '/s-in-liam‘tube. For Mach numbers up to 
about 0.25, the critical angle is constant. For higher Mach num- 
bers, the critical angle increases. For the Mach number range 
from 0.1 to 0.9, the corresponding tube Reynolds number 
varies from ‘about 0.7 X 10‘ to 5:9 & 10+. 

For incompressible. frictionless flow, the critical angle is 30 deg. 
This result can be shown by a purely theoretical study. For real 
fluids the critical: angle is always higher than 30 deg. In Fig. 6 


_the dashed curve marked ‘‘theory” was calculated froth a 
* theoretical. analysis by Kaplan (4) for frictionless, subsonic flow. 


The experimental curve follows a trend similar to that of the 
theoretical up to a Mach number of about 0.6 (a constant differ- 
ence of roughly 19 deg between the two curves). 

Fig. 7 shows a plot of Mach number versus critical angle for a 


‘Stagnation point on the Pitot can be arranged in the form _* 3/y-in-diam tube. The trend for the */,-in-diam tube was 


p-p,, Inches of 


Fic. 4 


@ Degrees 


PRESSURE DiIsTRIBUTION ON !/s-[N-D1aM CYLINDER 


(The stagnation-point pressure p: was 29.62 in. of mercury abs, and the stagnation-point temperature 74 F.) 
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the same as that for the '/s-in-diam tube. The critical en 
for the 3/,-in: tube were slightly lower ('/, deg lower in the Mach 
number range up to 0.25), than the critical angle for the '/s-in. 
tube. This small difference may be due to a wall effect. For the 
Mach-number range from 0.1 to 0.9 for the 3/j-in-diam 
tube, the corresponding tube Reynolds number varied from 
about 1.0 X 10‘ to 8.8 x 10%. 


ConcLusions 


The change in the pressure distribution on the surface of the 
circular cylinders was smalk in the range of Mach numbers up to 
0.25. In this range the critical angle was constant., A simple 
cylindrical Pitot tube in this range would be convenient for 
accurate, direct measurements of static pressure. At the higher 
Mach numbers, particularly above about 0.4, the critical angle 
increases above that for incompressible flow. At the higher Mach 
numbers, ‘the static-pressure measurement is more indirect, and 
requires a calibration over a cig of Mach numbe iw... 

Typical plots, as in Fig. 4, show that the pressure gradient 
(pressure difference per degree) increases as the Mach number in- 
creases. Thus the directional accuracy of the cylindrical Pitot 
tube increases as the Mach number increases. 


ACKNOWLEDGMENT 
The authors are grateful to Dean A. A. Potter, Dean of Engi- 
neering, and Prof. H. L. Solberg, Head of the School of Mechanical 
Engineering, both of Purdue University. These gentlemen made 
possible the facilities for these tests. This paper includes material 
adapted from a master’s thesis (5). . 


BIBLIOGRAPHY 
1 “Air Forces on Circular Cylinders,” by H. L. Dryden, Scientific 
Paper No. 394, U. S. Bureau of Standards, vol. 16, Sept. 4, 1920. 
2 “Measurement of Static Pressure,”’ by ©. J. Fechheimer, Trans. 
ASME, vol. 48, 1926, p. 96a. 

3 “Experimental Determinations of the Flow Characteristics in 
the Volutes of Centrifugal Pumps,” by R. C. Binder and R. T. Knapp, 
Trans. ASME, vol. 58, 1936, p. 649. 

4 ‘Two-Dimensional Subsonic Compressible Flow Past Elliptic 

Cylinders,” by C. Kaplan, NACA Technical Report No. 624, 1938. 
5 “Influence of Compressibility on Cylindrical Pitot Tube 

Measurements,”’ by L. W. Thrasher, MS thesis, Purdue University, 

Kebruary, 1949. ‘ 


Discussion 


L. J. Hoover.‘ Some work along the lines of that reported in 
this paper was done at the Alden Hydraulic Laboratory. in 1932. 
‘This test work was conducted just below the throat of a 36-in. 
-X 16-in. Venturi meter operating with water. Several factors 

were studied which had an influence on the registration of a 
eylindrical Pitot tube. 

Fig. 8 of this discussion shows the results of tests to determine 
the effect of piezometer size on the angle of zero impact pressure. 
These tests were made at a constant Reynolds number of 69,000. 
On the curve sheet the piezometer size is presented as a ratio to 
the size of the rod in Which it was installed. . The actual rod 
diameter was 15/,5 in., and the piezometer diameters were varied 
successively from '/i. to7/s;in. It is seen that the angle for zero 
impact pressure varied from 37 to 56 deg for the range of piezom- 
eter sizes tested. 

In Fig. 9 herewith the angle required to secure zero impact 
pressure was determined as a function of Reynolds number. It 
is seen that for the limited range of the tests (5 to 30 fps), the 
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variation in the angle for r Zero impact pressure plotte dasa stre right 
line between 39.6 and 37.1 deg. ‘* 

These tests indicate thet other’ factors besides Mach number 
might have been affecting the results quoted in the paper. It 
would seem that tests in a water tunnel as well as in a wind tunnel 
would offer a very convenient way of separating the Reynolds 
and Mach number effects. 


AUTHORS’ CLOSURE 


It.is of interest and value to have available the data presented 
by Professor Hooper. Care should be exercised, however, in 


* comparing the-authors’ data with “ness presented by Professor 


Hooper. 

Note that in the authors’ tests the tube diameters were ! 4 
in. and */i¢ in., and the channel was 5 X 5 in. In Professor 
Hooper’s tests the tube, 1°/\5 in. diam, was a larger portion of 
the channel size than the tube in the authors’ tests. Thus Pro- 
fessor Hooper's data may show a large’ variation due to a wall 
effect; this large effect was not present in the authors’ tests. 

Note also in the authors’ tests that the diameter of the pressure 
hole was 0.0135 in., whereas in Professor Hooper's tests the hole 
size varied from '/. to 7/sin. The variation of pressure over the 
surface of the cylinder is not-linear. An opening of '/» in. 
diam or 7/s in. diam subtends a relatively large angie. The 
data in Fig. 8 are open to question. There is a question as to 
interpretation. " What is the meaning of the “angle for zero 
The angle indicated in Fig. 8 may not be 
the actual angle at which the pressure is the static pressure of 


impact pressure?” 


the stream. 

In the authors’ tests the wall effect was small. “The small 
pressure Opening covered a relatively small angle. The experi- 
mental trend, as indicated by Fig. 6, followed the general trend 
indicated by an analysis of the compressibility effects. We feel, 
therefore, that the authors’ test data indicates clearly the in- 
fluence of compressibility. 
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Specifications for ASME long-radius nozzles do not in- 
A series of tests have been 
made in an 8-in. pipe to determine the influence of the 


clude external dimensions. 


external nozzle diameter on pressures measured at several 
points downstream from the nozzle flange. The results 
are expressed in terms of per cent of the differential head 
measured at the standard corner tap locations. 


INTRODUCTION 


HE internal geometrical configuration and pressure-tap 
locations for long radius (ASME) flow nozzles are specified 
in reports of the ASME Special Research Committee on 

Fluid Meters.? 

several standard pressure-tap locations. 

ternal diniensions have not been specified, the change in dis- 
charge coefficient with different widths of the annulus or clearance 
between the outside contour of a nozzle and the pipe wall are 
unknown. The experimental investigations reported here are 
part of a study to determine the preferable location for the outlet 
pressure tap to be used with the standard long-radius flow nozzles. 


Nozzle discharge coefficients are available for 


Since the nozzle ex- 


EXPERIMENTAL EQUIPMENT 


Four 8-in. pipe nozzles with approximate throat diameters of 
7'/s in., 6'/s in., 5%/sin., and 5'/\¢ in. were tested. The external 
surface of the nozzle was formed by a _ wire-mesh-reinforced 
“Hydrostone” sleeve cast around the nozzle and turned on a 
lathe, to the desired constant external diameter. A clear syn- 
thetic resin was applied to the machined surface of the Hydro- 
stone to prevent deterioration by water during the test period. 
Successive cuts to smaller external diameters and treatment with 
the resin were used to provide a series of finite widths of annulus 
between the nozzle outer surface and the pipe inner wall. Fig. | 
shows a test nozzle with the Hydrostone sleeve and ready for 
insertion into the tést pipe. ‘ 

The test station consisted of 60 diam of straight upstream pipe 
from a header to the test flange, followed by 30 diam of straight 
pipe to a 90-deg elbow. Centrifugal pumps driven by induction 
motors discharged into the header. A downstream control valve 
and about 20 diam of pipe discharging 1 ft above the elevation of 
the test section completed the circuit. The pipe was S-in. 
nominal diam standard new galvanized iron pipe with standard 
extra-heavy flanges to hold the test nozzle. The upstream pipe 
was smooth to the edge of the thin circumferential slit between 
the end of the pipe and the upstream nozzle face. The flanges 
were machined to provide a special slit both upstream and 
downstream of the nozzle for corner-tap pressures. Measure- 
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Determination of ASME 


for Variable Nozzle External Dimensions 


By R. G. FOLSOM,' BERKELEY, CALIF 


Nozzle Coefficients 


ments of the pipe on eight diameters at three sections upstream 


from the nozzle showed th 


Fic. 1 SLEEVE 


10° in. upstream 


+0.123 
0.085 


3'/2 in. upstream 


8.069 


Pipe end 
+ 0.026 


8.066 
O66 in. 0.049 


8.077 in{ 
Centering pins were provided in the flanges to place the nozzle 
concentric with the pipe. 

Pressure taps were made at several points downstream and 
near the nozzle on the underside of the pipe. The longitudinal 
position of the taps is shown in Table 1. The circumferential 
spacing of the downstream holes was such that no one hole was 
directly in line downstream from another. 
nection was made by drilling a */;.-in-diam hole radially into the 
pipe and brazing a '/s-in. standard coupling to the outside of the 
pipe. 


The pressure con- 


rABLE PRESSURE TAP LOCATIONS 
Longitudinal 

Tap location, 

no. ° I'ype of pressure tap 
ans 8.1° Hole (* in. diam) 

0.0° Slit (width less than 0.15 in.) 
RRS are we 0.0 Slit (width less than 0.15 in.) 
2.2 Hole (* ye in. diam) 

5.2 Hole (* ye in. diam) 

6.2 Hole (* diam) 

7.2 Hole (*/: in. diam) 

9.2 Hole (4/16 in. diam) 


@ Measured upstream from the upstream face of the nozzle; all other 
measurements downstream from the downstream face of the nozzle flange. 
Thickness of nozzle flange was */s in. and a metal-to-metal fit was obtained 
between the nozzle face and the holding flanges. 


Plastic or rubber tubes were used as connecting lines from the 
couplings to the manometers. Since peteocks can be closed 
without displacement of fluid, all peteocks in the connecting lines 
were operated by a single lever linkage to function simultaneously 
and allow corresponding instantaneous observations to be made. 
Other petcocks were installed to bleed air from the high points 
in the upstream and downstream piping. 

Air-water differential manometers (length of 8 ft) were used to 
measure pressure differences between taps 2’ and J (approximate 
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standard radius tap locations) and taps 1’ and 1 (standard corner- 
tap locations). The remainder of the pressure taps were con- 
nected to vertical open-end 2-in-diam plastic tubes with point 
gages mounted to determine the water elevation at the center of 
the tube. The point gages had a least count of 0.001 ft. ‘Water 
and air temperatures were recorded, and the manometers were 
shielded from the sun. 


TESTING PROCEDURES 


Flow wag established in the circuit, all air bled, and equilibrium 
conditions checked. The petcock linkage was closed and all 
‘manometer readings ‘recorded. After opening the petcock 

linkage and checking equilibrium, the linkage was closed and the 

manometer readings recorded again. This procedure was re- 
Preors to obtain from four to six sets of readings. The manom- 
_ eter zero positions were checked before and after a series of runs. 

Clearances of the annulus at the pressure taps were measured 
with the aid of a machinist micrometer before or after the series 
of tests on a specific nozzle external diameter. Since the pipe 
is out of round, the clearances varied. Typical values are shown 
in Table 2. Curves and data are reported in terms of the avérage 
clearances. 


TABLE 2 CLEARANCE (ANNULUS) FOR NOZZLE NO. 8.506.1 


essure tap 
no. 7 5 Average 
Nominal in, 7: 0,.033 
clearance */a2 in. .12 .103 0.092 0.067 
in, . 165 0.126 
in. 29% 275 0.245 
in, 0.396 0.370 


* Clearance magnitudes in inches. 


RESELTS 


Following the general methods applied by Bean and Beitler,* 
test results are expressed in terms of dimensionless ratios. The 
pressure loss coefficient is defined as 


1006, 


A, 
where 6, is the pressure difference between a downstream pres- 
sure tap at position n and the downstream corner tap,, A, is the 
differentia] pressure across the corner taps. The positive value 


3 ‘Some Results From Research on Flow Nozzles,” by H. W. Bean 
and 8S. R. Beitler, Trans. ASME, vol. 60, 1938, pp. 235-244. 
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of 5, indicates a reduction in pressure at the downstream tap 
with respect to the corner tap. At Reytiolds numbers greater 
than some minimum value, the pregsure-loss coefficient should be 
independent of the flow rate. The experitnéntally determined 
values of k, are given in Table 3. This table includes values of 
A. and A, (the differential pressure across the ‘approximate 
radius taps), as well as the Reynolds number based on the throat 
diameter conditions. Table 4 presents the average k,-values 
for the normal nozzles {as supplied without sleeves). The 
pressure-tap locations are expressed in terms of pipe diameters 
X/D, where the distance X is measured from the upstream or the 
downstream face of the nozzle flange as indicated. 

Fig. 2 presents the data of. Table 4 in graphical form. The 
values of k, have been plotted as positive in the downward direc- 
tion of the ordinate due to the definition of k,: The shape of the 
curve represents the relationship of static pressures measured at 
the wall with respect to the distance along the’ pipe axis. The 
curves in Fig. 2 show a decrease in static pressure as one passes 
downstream for the range of the experiments, except for the last- . 
point on the 8 = 0.79 curve (8 = ratio of nozzle throat diameter 
to pipe diameter). When the X/D-values are less than 
about 0.8, all nozzles show similar characteristics for k,. Beyond 
the end of the nozzle and at the larger area ratios, appreciable 
differences in k,, exist over the region of the tests. 

The range of values measured for k,, for nozzle No. 8.506.1 is 
indicated in Fig. 3. The area designated as “range of all normal 
nozzle tests’’ is bounded by the minimum and maximum magni- 
tudes given in Table 3 under clearance of 1.080 in.’(as supplied). 
Thus this area includes all test results over the limits of flow rates 
investigated.for the normal nozzle.’ The other area in Fig. 3 
is bounded by the minimum and maximum average values at a 
given tap for all-other clearances and flow rates as tabulated 

4.0 
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| ° 69 
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\s PY #+0.63 
$ 


O02 04 06-08 1.0 14 
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TABLE 3 SUMMARY OF EXPERIMENTAL RESULTS 
Nozzle No. 8.506.1: Clearance = 0.062 in. 
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O04 

50 

27 

O4 

96 
6.87 
Average 


ke 


0. 
0. 
0.9% 
0. 


Note: Space did not permit publication of the complete table whieh consists of 26 sections gimblar to the 
one presented. The complete table is on file at ASME Headquarters, 29 West 39th Street, New York, 


. Y., for reference. 


TABLE 4 kn FOR NORMAL NOZZLES (AS SUPPLIED) 


Pressure tap no. 1 2 


(a) 0.27 
X/D (b) 0.09 °0.35 


0.09 
0.06 
0.06 
0.03 


X/D expressed in terms of X measured from downstream face of flange. 
(b) X/D expressed in terms of XY measured from upstream face of flange. 


sleeve 
finabl 
downs 
per ce 
dicate 
thoug' 
in Fig 
Fig. 6 
per 
sleeve 
the d 
as the 
show 
al! 2 
In Fig 
norms 


The 


due t 


spond 
nozzle 
in hea 
‘upstr 
less tl 
in no 
norm: 


| 
\ 
Fic. 3 
° 
0.5 
1.0 
ka 
2.0 
2.5 
| 
3.5 
° 
09 2.54 A 
0.04 0.08 ( 2.66 
3.48 0.06 0.63 0.12 41 3.04 ~ 
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5.30 0.06 0.04 0.15 .68 3.15 
4 
ee 3 4 5 _ 6 7 8 9 
40. 0.52 0.64° 0.77 0.89 1.02 1.14 
47 0.60 0.72 0.85 0.97 1.09 . = 
—s 8506.1 0.25 0.36 0.74 1.25 1.89 
8.562.1 0.20 0.35 0.59 0.72 1.38 1.81 
| = . 8.615.1 08 0.15 0.24 0.54 0.63 1.44 2.11 
| 8.715.1 03 0.10 0.42 0.63 1.16 2.44 
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FOLSOM—DETERMINATION OF ASME NOZZLE 
in Table 3. Within the accuracy of the test results, it is im- 
possible to discover a trend of k, with clearance at taps before the 
end of the nozzle. 

The average values of k,, given in Table 3 are plotted in Figs. 
4, 5, and 6 for three nozzles, the results for a specific nozzle being 
plotted in a single figure. The 
similar to those in Fig. 2, with separate curves applicable to each 


general shape of the curves is 
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sleeve clearance investigated. In general, consistent and de- 
finable changes with sleeve clearance appear only at points 
downstream from the end of the nozzle. The region of +'/: 
per cent deviation from the normal nozzle magnitudes is in- 
dicated for the tap locations before the end of the nozzle. Al- 
though this deviation is small (less than '/2 per cent for all points 
in Figs. 4 and 5), it increases as the diameter ratio increases. 
Fig. 6, for the largest nozzle, shows four points outside the '/, 
per cent deviation limits; these points being at the smaller 
sleeve clearances. For points beyond the end of the nozzle, 
the deviation of points for smaller sleeve clearances reduces 
as the diameter ratio increases. In Figs. 4 and 5 all clearances 
show k,, magnitudes greater than those for the normal nozzles, 
a 1'/, per cent range for Fig. 4, and a 1 per cent range for Fig. 5. 
In Fig. 6 all results except one point are within '/2 per cent of the 
normal nozzle characteristics. 
The magnitudes of k, indicate the per cent difference in heads 
due to measurements at different pressure taps. The corre- 
sponding difference in calculated rate of flow (if'no change in 
nozzle coefficient is considered) is one half the per cent difference 
in head. The test results show that for any pressure-tap location 
upstream from the downstream end of the nozzle, an error of 
less than +'/, per cent in calculated flow rate results from changes 
in nozzle external diameters, as compared to results with the 
normal external contours of the standard test nozzles. 


COEFFICIENTS FOR NOZZLE 


EXTERNAL DIMENSIONS 653 


No experimental investigation was made of the change in 
nozzle coefficient for the corner taps when the nozzle external 
dimensions were changed. 

Fig. 7 has been included to demonstrate the change in k- 
values of pressure for No. 4 as the clearance increases. Data from 
three nozzles are included. Since this tap is near the location of 


the standard downstream radius tap, the magnitudes of variables 
in Fig: 7 correspond approximately to 
taps. 
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TRANSACTIONS 


CONCLUSIONS 


The discharge coefficients for standard ASME long-radius 
nozzles are almost independent of the clearance in the annulus 
between the pipe wall and the nozzle external diameter at all 
pressure-tap locations between the holding flange and the end of 
the nozzle. At pressure-tap points downstream from the end, 
appreciable changes in the coefficient with clearance exist with 
larger differences corresponding to smaller diameter ratios. 

The tabular and graphical results are expressed in terms of per 
cent of the differential pressure across the corner taps. The 
maximum difference in heads (pressure at downstream corner 
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tap minus pressure at given downstream tap) at a given down- 
stream tap between the nozzle with reduced clearance in the 
annulus and the normal nozzle (as supplied) was 14/2 per cent for 
the range of the conditions tested in this investigation. 
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This paper presents practical data which were taken from 
the main results of a research program dealing with the 
response of thermocouples to changing gas temperatures. 
Experimental and theoretical data for the response time 
of thermocouples ranging in wire size from 0.01 to 0.0005 
in. are presented. The experiments were performed over 
a range of temperatures from 70 F to 950 F, and for air ve- 
locities ranging from 0 to 125 fps.* All of the experiments 
were carried out in such a way that the hot junction of the 
. thermocouple was always cooled. An equation is pre- 
sented for computing the response time for thermocouples 
fabricated from fine wires and subjected to sudden air- 
temperature changes. 
radiation were negligible in the experiments performed. 


Heat transfer by conduction and 


INTRODUCTION 
THERMOCOUPLE placed in a gas stream, the tempera- 
ture of which suddenly changes, will usually indicate a 
temperature different from that of the true value at any 
given time before the equilibrium condition has been attained. 
Due to the fact that the measurement of instantaneous gas-tem- 


/ 


perature changes is becoming increasingly important in the 
fields of heat transfer and thermodynamies, this"particular part 
of the main investigation was ufidertaken to obtain and correlate 
data on the response time of thermocouples fabricated from fine 
wires, 

One of the purposes of this investigation was to study the 
response of a thermocouple made from fine wires, by suddenly 
subjecting it to a low-temperature air stream. The research pro- 
gram consisted of the design and construction of suitable appara- 
tus, development of a satisfactory welding technique, and the 
collection and analysis of experimental data. Thermocouples 
composed of platinum and platinum 10 per cent rhodium with 
wire sizes of 0.01, 0.002, 0.001, and 0.0005 in. were used in the 
experiments. All of the work was carried out at approximately 
atmospheric pressure. The temperature range was 70 F to 950 
F. 

Before undertaking the experimental part of the program, a 
survey of the literature available to the authors was undertaken. 
Many of the contributions and suggestions made by previous 
investigators, as reported in the technical literature, were in- 
corporated in the program. Space limitation does not permit 
the inclusion of the many references studied, lience only a short 


1 Based on a PhD thesis, Purdue University, 1949, by one of the 
authors.? 

* Engineer, Pile Technology Division, General Electric Company, 
Richland, Wash. Jun. ASME. 
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* Westinghouse Research Professor of Heat Transfer, Purdue Uni- 
versity; Visiting Professor, 1949-1950, Division of Engineering, 
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Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., November 27—December 2, 1949, 
of Tue AMERICAN Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 49—A-148. L 
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Bibliography® is included. However, the authors are cognizant 
of the value of the work of previous investigators. 


: DESCRIPTION OF THE APPARATUS 


Welding Apparatus. Before the actual experimental investiga- 
tion could be undertaken, it was first necessary to develop suita- 
Many 
different methods were tried before a satisfactory technique was 
Finally a satisfactory method was obtained whereby 
the wires were electrically welded between graphite electrodes, 
The wires were jgined by first crossing the ends and placing the 


ble apparatus and a technique for welding the fine wires. 


developed. 


intersection of the wires on the surface of a horizontal graphite 
rod. A second graphite rod was placed at right angles to the 
first and then rolled over the intersection of the two wires, A 
satisfactory weld was obtained when the rods were connected to 
After welding, the excess material was re- 
moved carefully from the junction of the thermocouple. 

Recently Hammel described a butt-welding technique 
based on the use of a special jig. By means of this apparatus 
successfully butt-welded thermocouples have been constructed 
from wires as small as 0.003 in. diam. If the same apparatus may 
be used for fabricating thermocouples of even smaller diameter, 
this procedure may prove to be more effective than the method 
used by the authors. 

Recording Apparatus. Since the object of this phase of the 
work was t¢ study the response of thermocouples during very 


a 3-volt d-e source. 


rapid temperature chariges, it was not possible to use standard 
laboratory equipment. 
spent in constructing suitable recording apparatus. 

The thermocouple voltage change was finally recorded by 
means of an apparatus consisting of an interrupter, alternating- 


As a result a large amount of time was 


voltage amplifier, oscilloscope, and a rotating-drum camera 
equipped with a modulator tube for placing timing marks on the 
photographic paper Due to unstable operation of the direct- 
current amplifiers, it was finally decided to use a voltage inter- 
rupter in the circuit and a stable alternating-voltage amplifier. 
The rotating-drum camera was found to be very satisfactory for 
recording the trace on the oscilloscope. The apparatus was de- 
signed on the basis of the idea previously advanced by Champion 
and Brokaw (2), 
Test Apparatus. Two devices were used to subject the thermo- 
couples to a sudden decrease in temperature. The first apparatus 
consisted of a T-shaped section of aluminum mounted in such a 
way theft it could be moved instantly a short distance in a hori- 
zontal direction. In the normal operating position a jet of high- 
temperature air passed through a slot in the aluminum section 
and flowed over the test thermocouple. Horizontal displace- 
ment of the section shut off the high-temperature air stream, 
and a second slot allowed a cold-air stream to pass over the 
Whenever the 7-section was moved, the hot-air 
stream was suddenly replaced by a cold-air jet which subjected 
the thermocouple to an instantaneous air-temperature change. 


thérmocouple. 


The second method consisted of placing a thermocouple in a 
low-temperature air stream and raising the temperature of the 
*’ Numbers in parentheses refer to the Bibliography at the end of 


the paper. 
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TRANSACTIONS OF THE 


’ wire by passing a current through it. After a desired tempera- 
ture had been reached, the current was cut off, and the couple 
~ allowed to cool rapidly in the air stream. 

In all tests the thermocouples were placed in a horizontal posi- 
tion, the wires extending in opposite directions from the junctton. 
_ The horizontal thermocouple was mounted at right angles to the 
airstream. In this way the thermocouple resembled a very thin 
_ cylinder placed at right angles to the air flow. 


EXPERIMENTAL PROCEDURES 


Before undertaking the main part of the experimental program, 
calibration tests and preliminary calculations and experiments 
were conducted. 

Experiments were conducted to ascertain as to whether or not 
conduction of heat along the lead wires of the thermocouples was 
of large enough magnitude to merit consideration. The results 
obtained indicated that the heat loss by conduction was negli- 
gible. 

Calculations indicated that for the experimental range of the 
apparatus, the transfer of heat by radiation from the junction of 
the thermocuple to the surroundings was very small in compari- 
son with the convective heat transfer; hence it could also be 
neglected. 

Several experiments were carried out in an effort to determine 
the maximum air velocity which the couples could withstand 
without breaking. The results obtained indicated that the 
couples could be used for velocities up to 400 fps. 


Considering only convective heat transfer to or from the wii ; 


a heat balance was written and the final result written in a form 
similar to that used by Rhodes (3), Harper (4), Fiock (5), and 
Bailey (6), which follows 


where 
t; = initial temperature as indicated by thermocouple before 
temperature change occurs 
temperature indicated by thermocouple 7 millisec after 
change occurs 
temperature of air stream after temperature change 
occurs 


density of thermocouple material 
specific heat of thermocouple material 
coefficient of heat transfer 

= diameter of thermocouple wire 

= time-elapsed after temperature change occurs 


If the time elapsed r is selected equal to 8, then Equ: ation {1] 
reduces to the following . 


(t; — t) = 0.632 (t; — 


when + = 8. This means that if 7 is equal to 8, then the tem- 


perature change (f; — ¢) is 63.2 per cent of the total change’ 


(t;—#,). 

- Therefore it was dec ided to measure on the records obtained 
the time elapsed +, when the temperature change had reached a 
value of 63.2 per cent of the total. The average experimental 
values obtained for r are recorded in Table 1 
based on 103 individual experiments. 

In order to check the experimental values, a mean coefficient 
of heat transfer was considered during 63.2 per cent of the change 
and was computed by means of the following correlation given by 


McAdams (7) 
hD ° DV 0.82 
= 0.32 + 0.43 ( 


The averages are 


In order to determine the values for the thermal conductivity, 
viscosity, and density of the air for. use in Equation [4], a mean 
temperature was uséd as found by use of the following equation 


TABLE1 E CRPDESMENT AL, AND COMPU TED DATA 


Initial 
temp 
thermo- Air 
couple temp, 
ti, deg F ta, deg F 
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response 
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obtained Calculated 
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millisec- 


Calculated 
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The symbols have the sanie significance as previously mentioned. 

In the development of Equation [4], the Prandtl number was 
consideréd constant, which is a satisfactory assumption for the 
temperature range used in this investigation. Pe. 

Using the value for h, together with the density, specific heat, 
and diameter, the theoretical values for + were determined for 
63.2 per cent of the total time by means of Expression [2] since 
7 is equal to 8 under the condition specified. 


RESULTS AND CONCLUSIONS 

The values for the theoretical response for various sizes of 
couples for the range of temperatures and velocities covered in the 
experiments are shown by the solid lines in Figs. 1 and 2. The 
points represent the experimental values obtained. From the 
results it may be concluded that the relations developed may be 
used to predict the time required for a thermocouple to cool to 
a value of 63.2 per cent of the total impressed temperature dif-. 
ference for the temperature and air-velocity ranges covered dur- 
ing the investigation. The air velocity was varied from approxi- 
mately 0 fps to 125 fps. The temperature range was 70 F to 
950 F. 

Although the experimental data have not been evaluated for 
other response times, it is felt that other values for the response 
interval may be calculated by using different relationships for 
7 and 8, such as the following: 


Value for ratio 
Relation between 
rand — te 
0.632 
7 = 28 0.865 
= 38 0.95 


or by evaluating 8 by use of Equations [2] and [4] and solving 
for in Equation [1]. 
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Crude-Oil Flow Characteristics Experienced 


in Large-Diameter Lines 


By L. E 


Characteristics of crude-oil flow in large-diameter lines 
have been investigated by gathering data on lines under 
normal operating conditions. A description of these 
tests, and a summary of the results obtained are dis- 
cussed in this paper. From these tests, an exponential 
equation has been derived to determine capacity or 
pressure drop for all trunk lines pumping crude oil in the 
turbulent-flow region. In connection with these flow 
tests, an investigation was made into the effect of pressure 
on viscosity in the range of normal pipe-line operating 
pressures. This effect, which in the past has been as- 
sumed to be a negligible one, is shown to be of definite 
importance. 

ITH the advent of larger-size lines for crude-oil trans- 
portation, the question has arisen as to the flow charac- 
teristics encountered in these larger lines. The term 
large diameter” is of course a cothparative one, but in this dis- 
cussion will refer to lines with outside diameter of 16 in. and 
larger, as prior to the last few years there were few crude-oil pipe- 
line systems .of any appreciable length composed of lines with a 
nominal diameter greater than 12 in. 
larger lines has paralleled the development of -higher-strength 
steel, permitting higher station operating pressures, together with 
improved methods of laying line. A further parallel has been the 
increased use of technical data for the design of new systems 
rather than rules of thumb formerly used. 
rates through these larger lines are much greater, the need for an 
accurate knowledge of available throughput is gaining in im- 
portance so that the optimum-size liné will be used in the design 
of new facilities, and the length of loops required to enlarge on 
present facilities can be determined accurately. 


The increased laying of 


Since the pumping 


Basic ForMULAS 


In hydraulic calculations involving crude oil, it has been found * 


that the basic formula as introduced by Darcy in 1857, is the most 
applicable of the various flow formulas. This equation is a 
familiar one to all engineers and .in its basic:form is 


flv? 
hy, 
2qd 
In this form the equation is solvable if the various quantities are 
expressed in foot-pound-second units, giving the value of h, in 
feet. This form is rather cumbersome, however, as units required 
in the foregoing equation are not commonly used in pipe-line 
terminology. . 
This equation, after conversion to a more practical form, can 
be expressed as 


!Stanolind Pipe Line Company. Jun. ASME. 

Contributed by the Petroleum Division and presented at the 
Petroleum Mechanical Engineering Conference, Oklahoma City. 
Okla., October 2-5, 1949, of Toe American Soctety or MECHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 49—PET-13. 
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34.87 
“ here each of the terms has the following significance: 
pressure drop, psi per mile. a 
line throughput, bbl per hr 
specific gravity of oil pumped — 
internal diameter, in. 


friction factor 


In Equation [1] it is possible to measure physically all quantities, 
with the exception of the dimensionless friction factor which 
must be determined experimentally. 

The customary means of expressing f is to plot its value against 
the corresponding.value of Reynolds number R, which is in ex- 
istence in the line at that particular time. It is not necessary to 
dwell at length on this number as it also is familiar to all engi- 


neers, In its basic form it is expressed as 


where 


diameter of pipe 
velocity of fluid 7 
density of fluid 


absolute viscosity 


Any consistent set of units can be used such that the value of R 
will be dimensionless. This equation also can be expressed in a 
form more readily used and remembered by engineers. This con- 
verted form is 


2214 xX B 


where B and D have the same significance as previously given, 
and v is the kinematic viscosity of the oil moving through the line, 
expressed in centistokes. To clarify the formula further, the rela- 
tionship between centistokes and Saybolt Universal seconds 
(SUS), a more common way of expressing viscosity, can be set 
forth by a simple equation 


Centistokes = 0.22¢ — 


where ¢ represents Saybolt Universal seconds. , 

A basic relationship between f and R has been estabiished for 
streamline flow and verified by many experimenters so will be 
valid for the lines here investigated. This relationship can be ex- 
pressed by the equation f = 64/R which when substituted in 


Equation [1] gives 


where u is the absolute viscosity in centipoises. 
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RESEARCH ON FLUID FLow 


Experimental work done by Stanton and Pannell on’ fluid flow 
through pipes embraced a wide set of flow conditions and has been 
recognized as one of the most authoritative pieces of work on this 
subject. Their experiments were carried out using air and water 
moving at different rates through smooth drawn brass pipe vary- 
ing in diameter from 0.361 em to 2.855 em. The curve pro- 
pounded by these authors is shown in Fig. 1, plotted in double 
logarithmic form. This shows the two distinct regions of flow, 
streamline and turbulent. 
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SHOWING Basic EQUATION FOR STREAMLINE FLOW AND STANTON AND 
PANNELL Data FoR TURBULENT FLow 


It is the purpose here ‘to describe tests run recently for the 
evaluation of the friction factor f in large-diameter lines in the 
turbulent-flow region and to express the results obtained from 
these tests. The intent in carrying out this investigation was to 
secure data that would be of direct use in hydraulic calculations 
on commercial pipe lines rather than procuring data that would 
be of academic interest only. Numeroug papers such as that of 
Stanton and Pannell have been written on the value of f, as de- 
termined by laboratory experimentation, using various fluids 
such, as water and air in small-diameter lines. : 
to determine which data, if any, obtained from these laboratory 
experiments would be confirmed by results secured from large- 
diameter lines moving crude oil. Various authors concur with the 
reasoning that their results obtained from smaller lines may not 
hold true for larger lines. 

To get information such as was desired, sections of line*in our 
system were utilized as test sections,’ thus providing the best 
large-scale laboratory possible. The friction factor was deter- 
mined in each of a series of test runs on each section of line. This 
was done by using Equation {1], measuring the four quantities, 
P, s, B, and D, and solving for the unknown friction factor. 

To measure the pressure drop P, recording pressure gages were 
normally used. One was installed at each.end of the test section 
of line and calibrated in place by means of a dead-weight tester. 
For the measurement of specific gravity, periodic samples were 
taken from the line, and the gravity determined by means of a 

“hydrometer. The gravities of the crude in the lines tested varied 
from 32 deg API to 44 deg API. For any one test, the gravity re- 
mained essentially constant. An accurate measurement of the 
volume of oil pumped through the line 
obtain the pumping rate, B. This was done by pumping decrease 
out of one tank so that the actual volume was determined from 
hourly tank gages. The internal diameter used was thé nominal 
internal diameter of the line with no allowance being made for 
manufacturing tolerances. Just prior to the running 
3 pig- type e scraper was run through the line to remove any wall 


ras necessary in order to 


of a test, 
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deposits which would have the effect*of reducing the internal 
djameter, which in turn would give a higher value for the cal- 
culated friction factor. 

To compute the value of R to correlate with the value of f, it 
is necessary to determine the viscosity of the oil being pumped, 
“this value then being used in Equation [3]. The ordinary 
method of measuring viscosity is by use of a commercial viscosi- 
meter, such as the Saybolt type of instrument, which measures 
the time of efflux of a prescribed amount of liquid through a cali- 

These tests run at atmospheric pressure, however, do not give 
the true viscosity of the oil while moving through the line under 
pressure. It was known that viscosity invreased with pressure, 
but a perusal of available literature on the subject yielded nothing 
that was specific enough to be applicable for our use. The effect 
of pressure on viscosity is gaining in a due to the trend 
toward higher operating pressures. - 

To obtain information Gn conditions existent in our system, 
tests were run to determine how viscosity varied with pressures 
normally encountered in pipe-line ‘operation. Fig. 2 shows the 
results obtained from two crudes analyzed in this manner by 
means of a falling-ball type of viscosimeter. The East Central 
Texas crude is one of the lightest common stream crudes handled 
in our system, and the Wyoming crude is the heaviest common 
stream crude moved through our lines.’ An examination of Fig. 2 
shows that the relationship between pressure and viscosity is ap- 
parently a straight-line function. At higher temperatures, the 
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per cent increase in absolute viscosity per 1000 psi is about the 

“same for the two crudes, but at lower temperatures the effect of 
pressure is much greater on the lighter crude than on the heavier 
Wyoming crude. Also, for either of the particular crudes, the 
increase in viscosity due to increased pressure is a greater per- 
centage at lower temperatures. From the trend indicated on the 
curves, it appears that if the temperature is increased sufficiently, 
there may be a point at which pressure will have no effect on 
viscosity. However, this supposition would have to be proved or 
disproved by actual tests. 


Viscosity IN FLow CALCULATIONS 


It is obvious now that using viscosity determined at atmos- 
pheric pressure by Means of commercial, viscosimeters will give 
erroneous values. With this added information, our problem 
now is to seek to utilize this information in a simple manner. As 
realized from past experimentation and evidenced by this investi- 
gation, the science of turbulent flow is’ not an exact one such as is 
experienced under conditions. Instead, the 
basic equation includes the empirical term f which is dependent 
on many variables and which will itself vary over a certain range 
for the same type of pipe. Because of the inability of measuring 
f quantitatively, it is proposed to make its value dependent on 
one more variable—the change in viscosity due to pressure. 


streamline-flow 


Since 
the operating pressures of most trunk-line stations do not vary 
widely, this effect will be a fairly consistent one, so it is proposed 


not to use a viscosity correction factor, but instead to plot the- 


values of f determined against the apparent value of R. The 
apparent value of R will be the value of this term based on the 
viscosity determined at atmospheric pressure. 

Although the effect of viscosity change in turbulent flow is an 
indirect. one, by reference to Equation [5] it is seen that in 
streamline flow, the pressure drop is directly proportional to the 
absolute viscosity. Therefore, using the correct viscosity is of 
major importance. Normally, crude-oil flow is in the turbulent 
region, but there are cases where streamline flow is encountered 
such as in winter months in lines moving the heavy Wyoming oil 
shown in Fig. 2. Since pressure versus viscosity gives a straight 
line, the viscosity determined at atmospheric pressure can be 
corrected by using a correction factor based on the average line 
pressure. It is ‘difficult to determine the average line pressure 
exactly because of ground profiles being very irregular, but, for 
most cases, the average line pressure in a section of line can be 
No 
investigation has been made into streamline flow in actual opera- 
tions to determine how closely theoretical conditions will be 
approximated. 


assumed to be one-half the station discharge pressure. 


As a counteraction to the effect of pressure on viscosity, some 
crudes are of a thixotropic, nature, i.e., their apparent viscosity 
decreases as the shear rate increases. The shear rate in any one 
This 
characteristic is noticed especially in high-paraftin-base crudes, 
such as those produced in southwestern Wyoming. On one pipe- 
line system operating in this area, normal operating pressures as 
high as 2000 psi are encountered, thus resulting in a large 
throughput and a corresponding high shear rate. In expressing 
the viscosities.of these crudes, viscosities determined by an 
efflux-type viscosimeter will give a false indication of the vis- 
cosity of the oil moving through the line. 


size line would increase as the pumping rate increases. 


Instead, a viscosity- 
temperature curve should be used showing apparent. viscosities 
determined from a study of actual operations. 

Most crude oils are of the Newtonian type, however, as their 
apparent viscosity at any certain temperature is constant regard- 
less of shear rate. For this type of crude, a normal temperature- 
viscosity curve, as determined. by means of an efflux viscosime- 
ter, can be used for determining uncorrected line viscosities. 
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Resutts or Tests ° 


The section of the Stanton and Pannell f versus R curve be- 
tween Reynolds numbers of 30,000 and 240,000 has been repro- 
duced in Fig. 3, and the author’s experimentally determined 
values for f have been plotted against the apparent R. As shown 
on the graph, these points were obtained from tests run on lines of 
16 in., 20 in., and 30 in. diam. An examination of the graph 
shows that the author’s points determined from the 16-in. lines 
approximate the Stanton and Pannell curve very closely. The 
average of the points from the 20-in. line fall slightly above the 
curve, and the three points representing the 30-in. line are still 
higher above the curve. 


TEST RESULTS: 16" LINE ——— 
20"LINE 
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Fic.3 Piotr or Experimentat Points DetermMinep From Crupe- 
Ort Lines in ACTUAL OPERATION, AS COMPARED TO DaTa OF STANTON 
AND PANNELL 


The values of f from the 16-in. and 20-in-diam lines were deter- 
mined in all cases from sections of trunk line many miles in 
length, which in most cases included very few valves and no junc- 
tions, making the values representative of straight pipe. Much 
of the 16-in. line has been in West Texas sour-crude service for a 
The 20-in. sections tested have been 
used for both sour and sweet crude, and have been in service for 
from | to 2 years. 


period of over 5 years. 


The values shown for the 30-in-diam line were obtained from a 
section of tank line approximately one-half mile in length. This 
line was just recently laid and is used for sour West Texas crude. 
“Because of its short length and corresponding small pressure drop, 
it was necessary to measure the pressure differential by meang 
of a manometer installed at each end of the line. Due to insuffi- 
cient data on the 30-in. line, no definite conclusions can be 
reached, but it is felt that in trunk-line service, the friction factor 
The 
30-in. tank line tested was '/,-in. wall pipe and was laid above 
ground so was probably not perfectly round, as the pressure ip 
the line did not exceed 15 psi. 


for this size line will be somewhat lower than shown here. 


In addition, the test section in- 
eluded an expansion joint which would have the effect of increas- 
ing the pressure drop slightly, resulting in a higher apparent fric- 
tion factor. 

Moody* has drawn a family of friction-factor curves based 
upon different relative roughnesses. The lowest curve in this 
family is for smooth pipe and approximates the Stanton and 
Pannell curve. The relative roughness, «/D, as given by Moody 
for commercial steel pipe in the range of sizes here discussed, is 
low enough that it can be considered as smooth pipe in the range 
of Reynolds numbers normally encountered. 

2“Friction Factors for Pipe Flow,”’ by L. .F. 
ASME, vol. 66, 1944, pp. 671-684. ye 


Moody, Trans. 
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* TRANSACTION 


Drew, Kog, and McAdams?’ made a survey of work done on 
determination of the friction factor to ascertain if Lees’ equation, 
which was based upon the data of Stanton and Pannell, gave 
values for f that were representative of smooth pipe. Their 
investigation showéd that the majority of experimental work, up 
to a Reynolds number of 500,000, validated Lees’ equation. 
These authors also studied work done on commercial iron and 
steel pipe and, as a result of this study, presented a curve for f 
The work they 
reviewed was all carried out on small-diameter pipe, and they 
state that smaller-size pipes generally give higher values for f. 

Other experimental work has been done by Heltzel* at lower 
Reynolds numbers on lines of 6 to 12 in. diam in crude-oil service, 
and the validity of the Stanton and Pannell curve for this use has 
been verified by him. It is believed the test data accumulated 
here are sufficient confirmation of this curve to warrant using it 
for large-diameter lines. Although these tests did not cover the 
entire range of R encountered in these lines, the range covered 
includes the majority of normal flow conditions. 


- somewhat higher than that for smooth pipes. 


DETERMINING TRUNK-LINE Capacity 


Because the Stanton and Pannell curve has thus been substan- 


tiated for a wide range of pipe sizes, an expedient equation based 
on this curve will be develaped for determining directly trunk- 
line capacity. The use of Equation [1] for determining line 
capacity is rather laborious, as it is necessary to use a cut-and-try 
method for determining the value of f to use*in the equation. 
The range of R normally ‘encountered in our erude-oil lines does 
not exceed 200,000 with the majority of flow conditions giving a 
value of R less than 100,000. . 

Our problem now is to develop a relationship between f and R 
which will give fairly consistent results over the entire range of 
turbulent-flow conditions encountered in our work. To do this, a 
straight line is drawn between points on the Stanton and Pannell 
curve corresponding to R of 6000 and 130,000, as shown in Fig. 4. 
It can be seen that this straight line does not vary widely from 
the curve at any point. By simple mathematics, the equation of 
this line is calculated to be 


0.8305 . 
f= [6] 
2214 xX B 
DX» ‘ 
which substituted in Equation [6] gives 
Bo.%2 (7] 


This in turn is substituted in Equation {1] and the resultant form 


is 
1.653 0.252 
> =p 
p= [8] 
Solving this equation for B gives the following 
0750 
\9] 


po-144 90.572“ 


While this is unwieldly to use, it does give a direct, means of sobv- 
*“The Friction Factor for Clean Round Pipe,”’ by T. B. Drew, 
_E.C. Koo, and W. H. McAdams, Trans. AIChE, vol. 28, 1932, pp. 56- 


‘**Fluid Flow and Friction in Pipe Lines,”’ by W. G. Heltzel, The 
— Oiland Gas Journal, vol. 29, June 5, 1930, pp. T203—T224. . 
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ing for the capacity of a line. ‘The greatest value of this type of 
equation lies in its adaptability to logarithmic charts or a logarith- 
mic slide rule, providing a convenient means of Solution. 


PRACTICAL VERIFICATION 


It is felt that the choice of the straight line for f versus R above 
the Stanton and Pannell curve will approximate actual conditions 
very closely as the use of a higher friction factor will give a 
greater pressure drop-than encountered in a straight pipe line 
This higher pressure will compensate for certain factors not now 
considered which have the effect of increasing the operating pres- 
sure. Under our present method of calculating, no provision is 

made for the additional pressure loss through valves, fittings at 
junctions, and station manifolds. The basis of our calculations is 

_ the actual distanée of line between stations with the correction 
for elevation head being taken as the difference in elevation be- 
tween the station floors. Though most of our stations operate 
with a tank floating on the line, there are times when they pump 
their entire stream into a tank at the next station. This would 
have the effect of increasing the discharge pressure at the pumping 
station due to the additional pressure drop through the tank line. 
No correction is made for these operating conditions although 
the tank lines are one-half mile in length at some stations. 

An additional factor that will be corrected for, by using a 
higher line for f, is the decrease in effective internal diameter be- 
tween the running of scrapers. As the lines grow older, the value 
of f experienced may increase due to internal corrosion in some 
lines, although past performance has shown this factor-to be a 
negligible one in trunk lines where velocity is sufficient to prevent 
the settling out of water, the primary cause of internal corrosion, 

Considering the effect on capacity, the maximum difference 
encountered is 2.7 per cent less capacity when using the straight 
line for f instead of the Stanton and Pannell curve for f. 


CONCLAISION 


While it is realized that the data presented here are not dll- 
inclusive, it is felt that it is a realistic addition to the field of pipe- 
line hydraulics. The accumulation of data such as included here - 
is time-consuming as well as costly, but it is hoped that further 
study can be made of flow conditions in commercial pipe-line 
systems, for information gathered in this manner will be of definite 
aid to the pipe-line engineer. 
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Roads, who assisted in some of the test work and offered helpful’ 
suggestions in compiling the data here presented. 
Discussion 


F. M. Van Deventer.’ The author has demonstrated that 
actual operating data on 16-in., 20-in., and 30-in. lines indicate a 
friction factor versus Reynolds number relationship which closely 
confirms the Stanton and Pannell data, and that within the nor- 
mal operating range for oil lines, a straight line may safely be 
used. From that straight line, he establishes his Equation {]. 
This diseussion will show that the author’s formula is entirely 
consistent with the D’Arcy general flow formula and friction 
factors, delineated by the most recent revisions of the friction- 


factor relationship. Reference will also be made to mechanical - 


calculators, the use of which eliminates the necessity of calculating 
exponentials of the author's formula. 

The writer’s Fig. 5 is a graph of the friction factor versus Reyn- 
olds number relationship -based upon the Colebrook function and 
has been delineated by Prof. L. F. Moody.* . This form, prepared 
by the writer, is considered to be an improvement over Moody's 
chart, inasmuch as scales are appended for steel, cast iron, and 
drawn materials. Hence it is unnecessary to refer to a separate 
chart or table from which the value ¢/D is obtained; that value 
being entered on the friction-factor chart. 

The writer includes a scale «/D so that solution may be made 
for materials other than the three referred to. 

A series of five circles in the Reynolds-number range between 

_ 60,000 and 150,000 are shown in Fig. 5. This is the range covered 
by the author’s tests. It will be noted that if the chart is entered 
on Tines representing 16-in., 20-in., and 30-in. steel pipes, these 

* Assistant Chief Engineer, Walworth Company, Inc., New York 
N.Y. Mem. ASME. 

* Author’s reference 2. 


lines converge so as to become almost indistinguishable in the 
range under discussion. That line in turn conforms closely with 
the Stanton and Pannell line, and hence with the author’s test 
data. It is also interesting to observe that this line corresponds 
to a hydraulic efficiency of about 98 per cent. 

A word of caution is in order concerning the limitation of the 
author’s formula if used for Reynolds numbers too far outside the 
limits covered by the Stanolind tests. This may be demonstrated 
by observing the spread of friction factors for pipes of 16 in. to 
30 in. diam, operating with Reynolds numbers of the order used 
in natural-gas transportation. (It is recognized that the author's 
formula is not intended for such use, but this comparison will 
serve to illustrate the point. ) 

Modern natural-gas transport lines operate at Reynolds num- 
bers in the range of 8 million to 16 million, The spread of friction 
factors in this range is represented by the group of small circles 
plotted on the friction-factor chart. It will be noted that for 
16-in. pipes the expected friction factor is 0.012, and for 30-in. 
pipes, 0.011. In this range there is a particular friction factor 
corresponding to each pipe size. In comparing this group of 
points with the oil group, it is interesting to observe that the 
hydraulic efficiency of the 16-in. and 30-in. pipes would be about 
80 per cent and 90 per cent, respectively. 

In the interest of labor and timesaving, the writer recommends 
the use of “mechanical brains” for the solution of most problems 
concerning the flow of fluids, Some such devices are based upon 
crude approximations or empirical data, hence satisfactory 
accuracy may not be obtained. On the other hand, some of them 
are based upon a formula of the D’Arcy type, means being pro- 
vided whereby the friction factor may be compensated so as to 
represent the pipe size and material actually used. 

The writer’s Fig. 6 is a graphic comparison of the results ob- 
tained from (1) the author's formula; (2) the D’Arcy formula; 
(3) the Polyflo computer. The following assumptions were 
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made: ID of pipe, 20 in.; specific gravity, 0.90; viscosity, 10 
centistokes. 

Values of 4, 8, 13, and 22 psi per mile were assumed. Barrels 
per hour was calculated by the author’s formula and plotted as 
shown. 

A second set of values for pounds per square inch per mile wa’s 
computed by the D’Arey formula, using friction-factor values 
from the writer's Fig. 5, and the results plotted. 

A third set of calculations was solved by the Polyflo computer 
and plotted. It will be noted that a single line fairly represents 
the results from all three methods. 


MBARISON| GF! FORMULAS: 


= 
+t 
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rate of flow and pressure loss is slightly different for each of the 
three methods. Hence it is analytically deduced that there 
should be three separate lines in Fig. 6. However, it may also be 
shown that within the range of this chart, the difference between 
any two of these three methods would be in the order of 2 to 3 per 
cent. Inasmuch as the spread of plotted points in the author's 
Fig. 4 is plus or minus 5 per cent, it seems reasonable to conclude 
that a mechanical calculator such as the Polyflo has a degree of 
accuracy consistent with the solution of most flow problems, 


W. G. Hevrze..? The writer suggested in apaper:’ “In.view 
of the trend to higher operating pipe-line pressures it would be 
worth while having some information on the viscosity of crude 
oils under pressures usedin pipe-line operation.” In so far as is 
known, the data in the present paper are the first to be presented 
on this subject. It is noteworthy that ‘there is a 50 per cent 
increase in the viscosity of the East Central Texas crude oil 
at 33.5 F, corresponding to an increase in pressure from atmos- 
pheric to 1000 psi. Likewise, an increase of only 10 per cent for 
the viscous low-gravity Wyoming crude oil under similar condi- 
tions is interesting. : G 

Because pressures up to 1400 psi are used for pumping opera- 
tions, and since temperatures as low as 32 F are experienced, this 
subject should be studied further. It is of sufficient importance 
that the industry should undertake an extensive investigation 
through the API or one of the engineering societies for the pur- 


pose of confirming the author’s data and to determine what the | 


relationship is between pressure and viscosity of crude oils. At 
the same time, a study of the crude oils of a ‘‘thixotropic”’ nature 
should be made so that a pipe-line engineer will have some way of 


7 Consulting Engineer, Tulsa, Okla. Mem. ASME. 
§ Author's reference (4). 
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It is true that the expenent representing the relation between 


identifying such a crude oil—and for the purpose of developing 
suitable means of obtaining a true viscosity. The pipe-line engi- 
neer needs more reliable means than those at his disposal ‘now for 
determining accurately the viscosity of very viscous crude oils. 

It would be interesting if the author would report any observa- 
tions on the pipe line system, referred to in his paper, that is, 
transporting a thixotropic crude oil at 2000 psi. It is pre- 
sumed that this is the La Barge Wyoming crude oil. How do the 
operating results compare with the theoretical calculations for the 
line, using the viscosities obtained from both the Saybolt and 
Brookfield types of viscosimeters at atmospheric pressure? In 
this case can the author give any information as to what extent 
the increased shear rate offsets the viscosity? . 

Are there any operating results to compare with theoretical 
calculations in the case of the 50 per cent increase in the viscosity 
of the East Central Texas crude oil at 33.5 F, as shown in Fig. 2? 


The pipe-line engineer will be interested in knowing more about 
the manner of conducting the viscosity tests under pressure. 

That the author’s data for the coefficjent of friction fall along 
the Stanton-Pannell curve is what might be expected. The results 
for the 16-in. line fall very close to the Stanton-Psnnell curve; 
perhaps these data are the most reliable because, as the writer 
understands, they were obtained from a long 16-in. pipe line. One 


would expect the results for the 20-in. and 30-in. lines to be as low ° 


or lower than those for the 16-in. line. However, the results are 
rather consistent for data obtained from operating pipe lines; 
the shortness of the 30-in. line probably accounts for the higher 
values obtained in that case. It Would be helpful if the author 
would define in some detail the pipe lines for which the data were 
obtained, particularly the length of the sections and the period of 
observations., The author makes reference to some data reported 
by the writer in 1926, showing that the coefficients of friction for 
lines in. sizes as small as 8 in: and-12 in. lie near the Stanton- 
Pannell curve. These tests were made on a 12-in. screw-joint 
line in Wyoming in 1923. The data were obtained by recording 
the pressure and temperatyre at '/.-mile intervals for about & 
miles, and at some longer intervals outside of this stretch. The 
tests covered about 180 successive days, using 24-hr recording 
instruments. 

The Moody curves show coefficients of friction higher than the 
Stanton and Pannell curve. There is no reason for doubting the 
dimensionless analysis expressed by the Colebrook function; 
however, we should recognize that the absolute coefficient of 
roughness cannot be determined too accurately. Fhe author's 
data and other information on the operation of large-diameter 
crude-oil lines that is gradually coming to light, indicate that the 
relative roughness of these large-diameter lines approximates that 
for the small smooth brass tubes used in Stanton and Pannell’s 
experiments. This factor is of such importance in the design of 
large-diameter lines that the industry should endeavor, through a 
joint effort, to determine these coefficients for the practical Cesign 
of crude-oil pipe lines. ne 

It is the writer’s opinion now that the empirical formula, as 
developed in the paper, can be used safely for the design of crude- 
oil pipe lines. The results probably will be as accurate as those 
obtained by trying to be precise. It is doubtful if the factors 
entering into the calculations can be determined accurately 
enough to warrant striving for precision beyond the results that 
would be obtained by this formula. In a paper written in 1930, 
the writer offered two formulas developed in a manner similar to 
the present method. One covered a range from 3000 to 57,000 for 
Reynolds number, and another for the region beyond 57,000. 
Now one formula for the whole range is adequate for practical 
purposes. The design of many miles of crude-oil pipe lines over 


the past 26 years, using the Stanton and Pannell curve, has, in 


general, and for all practical purposes proved satisfactory. 


JULY, 1950 


ume aul 
Deventer 
by them. 

As Mr. \ 
this paper, 
values of R 
intent of 1 
ficiently ac 
region to a 
includes th 
the turbul 

With ref 
only a limi 
of daily rey 
mined fror 
These app 
the viscosi' 
this crudé 
were deter 
by means 


\ 
Fic. 6 ‘ 


ANDERSON—CRUDE-OIL FLOW CHARACTERISTICS EXPERIENCED IN LARGE-DIAMETER LINES 


. 


AvuTHOR’s CLOSURE 

The author wishes to express his appreciation to Messrs. Van 
Deventer and Heltzel for the foregoing discussions submitted 
by them. 

As Mr. Van Deventer states, and as brought out in the text of 
this paper, the turbulent-flow formula is not applicable for all 
values of Reynolds numbers. The formula was derived with the 
intent of using it for crude-oil flow problems only; it is suf- 
ficiently accurate for values of R from the lower turbulent-flow 
region to a maximum R of approximately 150,000. This range 
includes the majority of crude-oil flow conditions encountered in 
the turbulent-flow region. . 

With reference to transporting the thixotropic La Barge crude, 
only a limited amount of data have been obtained from a study 
of daily reports on operations. Apparent viscosities were deter- 
mined from these data by using the author’s derived equation. 
These apparent viscosities at low temperatures are lower than 
the viscosities obtained from the temperature-viscosity curve for 
this crudé oi]. The values for the temperature-viscosity curve 
were determined from viscosity tests run at atmospheric pressure 
by means of the Saybolt viscosimeter at high temperatures and 


& 1, 

4 
“ 
~ 


665 


by the Brookfield viscosimeter in the lower-temperature range. 

No data are available from actual operations on the transport- 
ing of the East Central Texas crude oil at 33.5 F since our lines 
transporting this crude in its pure form reach a minimum line 
temperature in the winter months of only 50 F. 

The viscosities under pressure were determined by use of the 
Humble viscosimeter which is a falling-ball type of viscosimeter 
designed to measure the viscosity of a small subsurface oil sample 
under actual reservoir conditions. It is equipped with a water 
bath to permit viscosity determinations at different tempera- 
tures. 

Mr. Heltzel suggested that additional information on the lines 
tested would be helpful. Two different sections of 16-in. line 
were utilized, a 40-mile section in West Texas and a 15-mile sec- 
tion in Oklahoma. Tests on each of the lines were run over a 
period of about three weeks with data secured from as wide a 
range of flow rates as was conveniently possible. The tests con- 
ducted on the 20-in. lines were carried out for about the same 


length of time. Two sections of 20-in. line were also used: 


one 
section in Missouri was 74 miles in length, and the other section, 
which was in Oklahoma, consisted of 57 miles of pipe. 
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‘This paper outlines the work done by the Water Hammer 
Committee of the Society, outlining the publications in- 
A general review and summary are given of 
water-hammer studies as they can be applied to the 
petroleum pipe-line surge problem. 


volved. 


N OUR Society, The Hydraulic Division is concerned with the 
flow of water and other fluids and their use in hydraulic 
machinery, turbines, pumps, valves, and conduits. The Di- 

vision is likewise interested in the behavior of flowing fluids under 
varying conditions where cavitation or water hammer is present. 
It is to this latter phenomenon that attention is now directed. 

In the years from 1920 to 1930 it was increasingly apparent 
that there was a great dearth of reliable and accurate information 
on water hammer. Only a few articles had been published in 
American engineering literature prior to 1930, but many different 
approximate formulas had found their way into textbooks and 
handbooks and were widely used by designers, sometimes with 
serious results. 

A preliminary survey indicated the need: of some continuing 
activity by the Hydraulic Division, to remedy this situation. In 
1931 the Committee on Water Hammer was set up to continue 
the survey, to sponsor programs, solicit articles, prepare reports 
on the state of the art,and to stimulate interest in this subject. A 
committee of six was appointed, consisting primarily of those who 
had contributed articles on water hammer in the preceding 10 
years. 

The membership of the Committee? was not restricted to 
members of the Society, but included some who were members of 
the American Society of Civil ‘Engineers, and one member who 
did not belong to any society. At least tavo members of the com- 
mittee belonged to both The American Society of Mechanical 
Engineers and the American Society of Civil Engineers, as well as 
to The Engineering Institute of Canada. Great stress was laid on 
the desirability of co-operation between all groups interested in 
surges and water-hammer problems. The committee member- 
ship also was independent of company affiliations and included 
representatives of the hydraulic-turbine manufacturers, a uni- 
versity professor, and two representatives ‘of one of the largest 
power companies operating hydroelectric equipment in the 
United States and Canada. 

As the survey continued, and committee reports were pre- 
pared, it was felt desirable to hold a series of technical sessions 
where a carefully selected group of papers could be presented, 
covering the-various aspects of water hammer and thus make 
available in English a comprehensive treatise on water hammer. 


te Consulting Engineer, and President, 8. Logan Kerr & Company 
Inc.; Chairman, Committee on Water Hammer. Mem. ASME. 

2? Norman R. Gibson, Eugene E. Halmos, Lewis F. Moody, Ray 
S. Quick, Earl B. Strowger, and S. Logan Kerr. 

Contributed by the Petroleum Division and presented at the 
Petroleum Mechanical Engineering Conference, Oklahoma City, 
Okla., October 2-5, 1949, of Toe American Society or MecHANICAL 
ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions Of their authors and not those 
of the Society. Paper No. 49—PET-9. : 


Surge Problems in Pipe 


Water 


By S. LOGAN KERR,' PHILADELPHIA, PA. 


* of surge wave theory, beginning with the experiments by Jou- 
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Field test data to substantiate the theory were to be made availa- _ é. 
ble wherever possible. 


Two years of preparation resulted in the first Symposium on 
Water Hammer, held at the time of the Century of Progress Ex- 
position in Chieago, June, 1933, when several national engineering 
societies were having conventions, and a maximum attendance 
could be expected. It was sponsored jointly by The American 
Society Of Mechanical Engineers, Hydraulic Division, and the 
American Society of Civil Engineers, Power Division, with other 
societies co-operating. 


A comprehensive committee report and seven papers were pri- 
vately published as a 90-page booklet, in advance of the meeting, 
and were widely distributed to promote active discussion. These 
discussions were included in a 60-page supplement which later was 
combined in a single publication and two editions were rapidly 
exhausted. 

In February, 1949, the Symposium on Water Hammer, 1933, 
was republished by this Society, and once more is available to 


engineers and students for study and reference. 


1933 


1 STATE OF THE ART 


The committee report (1)* outlined the historical development 


kovsky in Moscow in 1897, described in an article (2), published 
in 1904 by the American Water Works Association. 
treatises were analyzed and evaluated as this fundamental re- 
search was extended and amplified by many engineers in Europe 
and America, the best known being the work by Allievi (3) in 
Italy and translated into many languages. The English version 
by E. E. Halmos was published in 1925, under the sponsorship of 
this Society and the American Society of Civil Engineers, with, 


Subsequent 


funds supplied by the late John R. Freeman. 

An annotated bibliography was prepared as a part of the com- 
mittee report, together with a tabulation of symbols used by 
different authors in their treatises on water hammer. The com- 
mittee also recommended a uniform nomenclature and symbol 
system in an attempt to avoid confusion in terminology. 

An appendix to the report evaluated the various theories and 


the approximate formulas in general use prior to 1933. Some of 
these formulas were derived analytically, some from piecemeal 
translations of European authors, notably Allievi, and were fre- 
quently tagged with his name as the source. These partial ab- 
stracts reached American engineering literature by devious 
routes. The original Allievi treatises were published in Italian, 
translated into German or French by Swiss engineers, and subse- 
quently, translated from German into English by others. There 
were many opportunities for substantial departures from the 


original concept during this process, since the use of formulas 
alone without full understanding of their limits of accuracy or the 
assumptions upon which they are based may give results that are 


frequently in error. 


Fig. 1 gives a comparison of the computations of a specific 


surge problem by several approximate formulas in current use at 


3 Numbers in parentheses refer to the Bibliography 


at the end of 
the paper. 


: 
q 
‘ 
4 ay Ay 
* 
‘ 
? 
a 
Be 
= ja 
ve 
. bd j 
we 
£5, Ve 
4 rat 
< 
is 
ge. 
\ 


ful 


» 


TRANSACTIONS OF THE ASME 


JULY, 1950 


NAME OF FORMULA FORMULA 


MAN/INIUM PRESSURE| PERCENT OF MAXINUM 
RISE (FT.) BY ELASTIC WAVE THEORY 


VENSANO 
WARREN 


JOHNSON 


FANNING 


-| 
| 


285.0 4297.6 


162.3 73.8 


TALBOT 


REDUCES 


de SPARRE h= 


(CASE 3) 


ELASTIC WAVE THEORY 
(Q) DETAILED CALCULATION 
EQUATIONS OF ALLIEV/, GIBSON, QUICK 
AND GIBSON ARITHMETIC INTEGRATION 


(b) CHARTS BY QUICK, ALLIEV/ 


id 


Fya. 1 


(Example: Length L, 820 ft; velocity, V, 11.75 fps; head, Ho 165 ft; time, 7, 2.2 sec; wave velocity, (a), 3220 fps; critical time 2Z/a, 0.509 see.) 


the time. Similar computations were made by the elastic-wave 
theory, following different mathematical procedures. This ex- 
ample was based upon a hypothetical hydraulic-turbine penstock 
with flow gradually cut off at a uniform rate. None of the ap- 
proximate formulas agrees exactly with computations based on 
the elastic-wave theory,-nor do they allow for nonuniform rates of 


flow cutoff or permit the determination of the wave shape. The. 


wide variations in yesults show clearly the risk in using such 
short-cut methods. ; 

One of-the most valuable contributions to this first Symposium 
was made by A. W. K. Billings (4) of Sao Paulo Railway, Light 
and Power Company, and.his associates in Brazi\. This covered 
both theoretical and practical aspects of water hammer and re- 
ported extensively on the field tests which were made on a pen- 
stock for one of the large impulse-turlsine units installed af the 
Serra plant in Brazil. 


The agreement between the theoretical analysis and the actual 


pressure-time diagrams, Fig. 2, recorded during tests was re- 
markable, and showed dramatically that all factors affecting 
water hammer could be taken into account during the design of a 
project and in advance of construction. It also showed that full 
and complete reliance could be placed in such theoretical studies 
when these factors had been included properly in the analysis. 

Variations in thickness, diameter, or material of construction of 
the pipe itself, branch pipes, dead ends or parallel conduits were 
discussed, and methods shown for computing their effect on the 
shape’ of the surge wave and the intensity of the surge pressures 
above normal working levels. ’ 

Their treatment of the subject is applicable to any type of pres- 
sure conduit and offers one of the classic contributions to the 
knowledge of surges in pipe lines. Later developments, described 
in Section 2 of this paper, offer simplifications in the solution of 
such problems, but are based upon the same fundamental theory 


and are just as valid as the methods used by Mr. Billings and his 
associates. 

Other papers in the first Symposium include two analytical deri- 
vations of basic water-hammer equations, using the elastic-wave 
theory; one by Moody (5), and the other by Glover (6). In the 
discussion by F. Knapp (7), additional theoretical treatments are 
presented, and Strowger (8) derives the fundamental equations of 
Allievi and treats further the factors related to partial and com- 
plete reflection of surge waves. 

Two papers (9, 10) deal with surge problems in discharge lines 
from motor-driven centrifugal pumps when the power supply is 
cut off abruptly. A series of field tests is described in detail and a 
method of counteracting surges, applicalble to water lines, is 
shown. 

Certain significant conclusions were reached as a result of this 
first Symposium: 


1 The elastic-wave theory develdped by Joukovsky ard im- 
plified by Allievi, was valid for simple conduits of uniform + ‘uek- 
ness and uniform diameter, where frietion of flow could be neg- 
lected. 

2 Studies indicated that the elastic-wave theory could be ex- 
tended to account for the effect of branch pipes, dead ends, 
changes in thickness, diameter, and material of construction. The 
variations in wave form and the magnitude of surge pressures re- 
sulting from these factors could be computed. 

3 The effect of nonlinear valve movement in either the open- 
ing or closing direction, and the behavior of relief valves coud be 
included in any theoretical analysis. : 

4 The means were available to determine theoretically the 
surge conditions at any point in a hydraulic system at any time 
during or after closure or opening of a control valve ‘or other 
mechanism causing a change in velocity of flow. 
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(Serra penstock No. 1, 4550 ft long, of which 663 is 61 in. diam; 527 ft of 
55in. diam; 1872 ft of 49.2 in. diam, and 2071 ft of 43.3in. diam. Thickness 
varied 0.375 in. at top’to 1.688 in. at bottom. 15.5 cfs stopped in 0.22 sec.) 
(a) Pressure-time curves at control valve 

(b) Pressure-time curves at lower end 49.2-in. section, 0.455 L from valve 


5 Approximate formulas, short cuts and general assump- 
tions, were a source of great potential error and should be elim- 
inated from use, unless the formula itself was accompanied by 
a statement of its limitations, ‘and the range of application within 
it agreed reasonably well with the elastic-wave theory. 

6 Field-test programs had confirmed the accuracy of the 
theoretical approach. 


EXPANDED ACTIVITIES 


So suécessful was this first endeavor that two additional steps 
were authorized as follows: 


1 To invite representatives from other societies in the United 
States and Canada to serve as associate members of The American 
Society of Mechanical Engineers’ Water Hammer Committee. 

2 To broaden its activities to include representatives of engi- 
neering societies in other countries, or to designate individuals to 
serve as associate members of the committee in other countries. 


Within a year representatives were designated by the American 
Society of Civil Engineers, the American Water Works Associa- 


tion, The Engineering Institute of Canada, and The Institution - 


of Mechanical Engineers of Great Britain. 

Engineers in other countries were invited to become associate 
members to represent their own countries, and such delegates 
were designated in France, Switzerland, Germany, Austria, 
Brazil, and Australia. 


, on water hammer throughout the world. 
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With this broadened scope of activities, The American Society 
of Mechanical Engineers’ Committee on Water Hammer became, 
to a large extent, the clearing house for accumulating publications 
Many interesting con- 
tributions were being received from abroad and much investiga- 
tion and development work was being carried out in the United 
States and Canada. 

The second Symposium was planned for December of 1937, and 
the papers presented at that time were published in the Novem- 
ber, 1937, issue of Transactions, ASME, and were available for 
study in advance of the meeting. 

The international flavor which this committee had acquired 
Was apparent in the author representation at this second Sympo- 
sium. While the first Symposium was confined to engineers in the 
United States and Brazil, the second program in 1937 included 
contributions from engineers in Canada, Great Britain, Switzer- 
land, Italy, and Brazil, in addition to those from the United 
States. 

The onset of the European war, with its extension to World War 
II, naturally curtailed the activities of the committee and, while 
representation of other engineering societies in the United States 
and in Canada was maintained, the associate memberships from 
other foreign countries were discontinued until some future time 
when this very valuable world-wide program of technical co-opera- 
tion could be resumed. 

One major factor in the success of the committee in carrying 
out its objectives of placing in American and Canadian engineer- 
ing literature, accurate and authoritative treatises on water ham- 
mer, has been the spirit of cordial relationship among engineers 
who are interested in this subject. 

The free interchange of technical information in the form of 
articles submitted to the committee for possible presentation and 
publication, the interchange of information by correspondence or 
by personal visits, have brought about a friendly co-operative 
situation that could not help but bring success to the program. 

Discussion of papers was carried out in an unbiased manner, 
and there is not on record a single case where personal animosity, 
personal ambition, or company policies or attitudes were allowed 
to interfere with constructive progress in this highly technical 
field. The publication of articles was not confined to the journals 
of any one society. Outstanding contributions can be found im 
Transactions, ASME; Proceedings, American Society of Civil 
Engineers; the Journal of the American Water Works Associa- 
tion; the Journal of The Engineering Institute of Canada, and the 
Proeeedings of The Institution of Mechanical Engineers of Great 
Britain. Discussions were received from all over the world, and 
abstracts or republications of many of the symposium articles 
appeared in technical publications of France, England, Switzer- 
land, Germany, and Italy. 


*2 STATE OF THE ART IN 1949 

In the vear 1949, some 18 vears after the formation of the Com- 
mittee on Water Hammer, many of the original objectives have 
been attained. There are now available, in English, a number 
of reliable articles dealing with practically every phase of water 
hammer and surges, as applied to water flowing in closed conduits 
A selected list of such papers is included in the Bibliography, 
that, with few exceptions, are all available in engineering re- 
ference libraries. 

Graphical methods of solution of the complex surge-wave 
equations have been developed and are proving most useful in 
analyzing complex problems (12, 13, 14). 

Nonlinear valve characteristics can be accounted for simply. 
The effect of motor-driven centrifugal pumps on surge pressures 
during sudden shutdown can be predetermined. The performance 
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of relief valves and their behavior in wecaring surges can be res 
lated to control-valve operation. 

Much progress has been made in applying surge-wave theory 
to analyses during the design of installations and in advance of 
construction. It is now possible to predict with a great degree of 
accuracy the magnitude of surge pressures in any given: installa- 
tion, and thus to design remedial devices with assurance that they 
will function as desired. ; 

There is a growing interest in water-hammer and surge-wave 
In several engineering schools, graduate research projects 
include theses on water hammer. 


theory. 


Some typical examples are included to demonstrate such 


methods of solving surge problems. 


GRAPHICAL SOLUTION OF I:XAMPLE IN Fic. | 


The example used for the comparison of the various approxi- 
mate formulas, Fig. 1, can also be solved by the graphical method. 
If the hydraulic characteristies of a given system are plotted on 
rectangular co-ordinates, Fig. 3(a@), it is possible to show along the 
vertical axis the head or pressure, and along the horizontal axis 
the velocity of flow in the conduit. ° 
Under any steady-state condition with fixed valve opening, 
the relationship between velocity and head will be given by a 
curve (Bo) which follows the square-root relationship between 
If friction is neglected in this particular ex- 
head can be represented as a horizontal line 


head and discharge. 
ample, the static 
through the vertical axis at a point corresponding to 165 ft. 

The static-head line and the steady-state head-velocity rela- 
tionship intersect at point 1, which represents the normal operat- 
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ing point. Assume that the rate of cutting off flow is uniform with 
respect to time, and the closure.-takes place in 2.1 sec. The 
length, diameter, and material of construction of the pipe give a 
The critical time 
(2L./a sec) for a surge wave to travel from the valve to the intake 
and return is approximately 0.51 see, and hence the closure will 
be in slightly over 4 such intervals, . 

Additional curves which represe nt the intermediate steady-state 
condition of the control valve at each unit a critical time can be 
drawn Bo, Bs, and B,). 

further and velocity, 
namely, that the surge pressure is equal to aV/g, whenever the 
closure rate is in a time equal to.or less than the critical time of the 
conduit, 

This becomes a straight line when repre sented graphically and 
has a slope of a/g, either plus or rhinus, depending on whether it 
is a wave of positive pressure or negative pressure. 

If the closure is made instantaneously, then this straight line, 
having its origin at the initial Steady-state condition, point 1, 
will intersect the zero-velocity line at some point 2 2 (not shown on 
diagram), and will result in’ a surge of 1175 ft above normal. 

If the closure is made in a time greater than 2L./a see, then the 
valve stroke can be assumed to be made in a series of increments 
each equal to 2L./a see. 
1 and would intersect the next steady-state condition at point 3. 


relationship exists between head 


In this case, the line would start at point 


It would then be reflected to point 4 along the line drawn with a 
downward slope, until it intersected the normal head line. Here 
again, it would be reflected until it reached the point correspond- 
ing to two intervals opening under a steady-state condition, 
shown as point 5. This is continued | until the valve is closed. 

It will be noted that points 1, 3, 5, 7, and 9 represent the pres- 
sures at time increments of 2L./a sec. If they 
in Fig. 3(), a curve of pressure rise above normal with respect to 


are drawn as shown 
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Fic. 3(6) Pressure-Time DiacGram ror Exampie, Fic. 3(a) 
time will result, and the shape of the surge wave can be deter- 
inined. After the valve is closéd, the oscillations of pressure, un- 
less damped, will continue above and below the normal head line 
and can be represented on the diagram accordingly. The maxi- 
mum pressure as indicated from the graphical solution, is identical 


with that obtained by the use of the elastic-wave-theory equa- 


tions, and no new element of theory has been introduced. 
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NONLINEAR VALVE MovEeMENT 


In making surge analyses, it is essential to have all of the data 
on the hydraulic characteristics of the system, including the be- 
havior of the valves or of other devices which may be controlling 
flow. 

The usual asspmption of uniform rate of flow reduction is based 
on the following fallacies: 


(a) That the stroke of the valve stem cuts off area at a uni- 
form rate. 

(b)- That the flow through a valve is in direct proportion to 
area and hence to stem travel. 


In a given system, with an initial flow of 5 fps, and a shutoff 
rate of 5 intervals of time (2/a sec), the uniform rate of flow 
reduction could be represented as curve A in Fig. 4(a). The rate 
of change of velocity (dv/dt) would be 0.50 fps per sec. The 
graphical solution is given in Fig.’4(), and pressure-time curve A, 
Fig. 4(d), shows a rise of 60 ft above normal. 
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Fic. 


By contrast, in actual practice, when an ordinary gate valve 
is closed, there is little or no effect upon the discharge until a 
point is reached about one half to one third of the full valve open- 
ing. The flow then begins to be reduced far more rapidly as the 
valve continues on toward the seat. Fig. 4(a) shows such a 


typical relationship for an ordinary gate valve, curve B. It will be 


seen that the maximum rate of change of flow (dv/dt) is 2'/2 times 
that for uniform closure assumptions, reaching a value of 1.25 
fps per sec, 

The graphical method can account for variable rates of change 
of flow by taking the steady-state velocity relationship from 
curve B, Fig. 4(a), at each interval of time. The B1, B2, ete., 
points, as shown in Fig. 4(c), give the corresponding relationships, 
and the solution follows the same procedure as with uniform flow 
cutoff. The pressure rises very slowly until the valve begins to 
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cut off flow, then after three intervals of time the pressure rise is 
very much greater than it would have been if the flow rate had’ 
been cut off uniformly throughout the whole stroke. . 

Fig. 4(d) shows the difference in pressure-time curves for these 
two cases. The rise above normal for nonuniform cutoff, curve 
B, is about 210 ft, as compared with 60 ft for uniform closure, or 
3'/2 times as great. Such differences can explain many pipe-line 
failures. 

In the water-works and hydroelectric fields, a reasonably valid 
short cut is used to approximate the effect of nonuniform flow- 
rate cutoff. Since it is the maximum rate of change of flow that 
determines the maximum rise in pressure, a line tangent to this 
maximum cutoff rate can be drawn, curve C, Fig. 4(a), and a 
so-called ‘equivalent time’’ is secured. 

In the present case the equivalent uniform rate would be two 
intervals of time rather than five. The dash line in Figs. 4(c), 
and (d) give the graphical solution of this case. A rise above 
normal of 195 ft results, as compared with 210 by the more precise 
method, in an error of only 7 per cent, as compared with 250 per 
cent by the assumption of curve A, 

Using this so-called short cut, the required total time of travel 
to limit surge pressures to permissible maximum values can be ob- 
tained. 


Errect oF VALVE OPENING 


It is also interesting at this time to analyze the effect of the 
initial starting point of valve closure upon the magnitude of surge 
pressures obtained. 

Closure from some intermediate point down to zero may give 
a much higher surge value than closing at the same unifornr rate 
from the wide-open valve position down to zero. Fig. 5(a) shows, 
for the same example (Fig. 4, curve A), the graphical solution 
which indicates this relationship. It will be seen that higher surge 
pressures result when closure is initiated from 60 per cent or from 
20 per cent flow rates than when full flow is interrupted. Fig. 5(b) 
gives the pressure-time curves and shows the change in wave 
‘shape as well. 

When theclosing rate is greater than 2. /a sec, there will be 
some intermediate point from which the valve can be closed to 
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zero in exactly 2L/a sec, and this will result in instantaneous 


water hammer for that smaller flow. Nonuniform valve’ opera- 
tion can aggravate this effect. ‘ . 


VARIATION IN SURGE PrEssuRE ALONG ConpbvUIT 


It is interesting to note the variation in wave form‘at the control 


gate and at intermediate points along the pipe line for different ° 


rates of closure. If closure is made instantaneously, then aside 
from any natural damping of the wave due to internal friction, 
compressibility of the fluid, or expansion of the pipe walls, this 
wave will travel undiminished from control valve to the point of 
origin of flow and the distribution of pressure along the line will be 
ABFC. 

If the closure is in 2L./a see or over, the surge pressure will di- 
minish uniformly between the control valve and the point of 
origin of flow and will appear as shown in Fig. 6, as line (ABD). ~ 

‘Tf the closure is made at some intermediate time, between zero 


and one interval of 2L/a, the wave will travel undiminished up . 


theline a distance BF corresponding to the proportion of time that 
the closure is less than time 21./a sec, and from that point (F), 
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will gradually diminish to zero at the point of origin of flow 
ABFD. 

Comparative tests have been made to measure this character- 
istic and demonstrate very clearly that surge waves, resulting 
from closures greater than 2L/a sec, diminished uniformly in 
proportion to the distance from control valve to the point of 
origin of flow, 


These same conclusions can be arrived at from an analysis of , 


the graphical solution of the conditions at the control valve by 
taking intermediate increments of valve movement and tracing 
through the wave pattern step by step. It is necessary to have the 
number of increments of valve movement in proportion to the 
distance from the control gate to the intermediate point where it 
is desired to investigate pressure variations. 


Errect oF CENTRIFUGAL Pumps 


It is also possible ‘with the graphical method to take into ac- 
count centrifugal-pump characteristics, as shown in Fig. 7. 

If the head-velocity curves of a centrifugal pump are superim- 
posed on the graphical diagram, a new series of steady-state oper- 
ation points results. The line friction also can be indicated, and 
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throttling-valve or control-valve characteristics added _ if de- 
sired. 

If an analysis is we of the surge conditions following the 
power failure to a motor-driven centrifugal pump, the usual 
sloped lines, showing the transient surge-wave relationship can be 
drawn, and the step-by-step variation in velocity and pressure de- 
termined. 

If the flywheel effect of the rotating element of the pump and 
motor is known, the average pressure can be estimated over given 
time increments, and the approximate increments of speed reduc- 
tion for each interval of time computed. The new speeds at such 
time intervals can be used to secure a head-velocity characteristic 
of the pump at each of those times. 

The successive computations will give the “run-down time” 
of the pump, and a fairly complete record of what occurs under 
such conditions. The example in Fig. 7 is based upon a typical 
water-works installation where the pipe friction was small as com- 
pared to the normal operating pressure. 
no check valve was present, 
its rotation. 


It was also assumed that 
and the pump was allowed to reverse 


PIPE LINES—OIL AND WATER 


ComPLeETE CHARACTERISTICS OF PUMPS 


As an added refinement in complex surge studies, the complete 
characteristics of centrifugal pumps can be considered. This is 
important if slow-closing check valves or control valves are to be 
used. Tests have been made and the results published by R. T. 
Knapp (11) and others, giving the head, flow, and torque curves 
at various speeds of pump ~ ‘ \tion, 
verse. 

In the example, Fig. 7, 1 1 curves of head-velocity are 
shown, CC’, for backward flow ...n the rotor stopped, and DD’ for 
backward flow with the pump rotating at full speed in the reverse 
direction. There will be intermediate points between these 
curves and the full-speed-forward curve which permit the calcula- 
tion of the speed of the pump and the surge pressures until the 
system reaches a point of stability and the speed - the pump stays 
constant. 


both forward and in re- 


ANALYsIS OF A PumpING System WitH IRREGULAR 
PROFILE 


It is possible also jn these graphical diagrams to determine the 
pressures at any intermediate point on the line and evaluate the 
effect of pipe-line profile. In some instances this may prove to be 
a critical factor. Where the line is level and both the inlet and 
outlet are at the same elevation as the pumps, the problem is less 
complex. 

When pumping down hill, the liquid column may “run away” 
from a closed valve, leaving a vapor pocket, which must be re- 
filled at a safe rate to avoid sudden surges when the pumps are 
restarted and the oncoming liquid column meets the column at 
rest. 

When pumping uphill, the liquid column may come to rest and 
reverse rapidly, causing the pumps to run backward at a high 
rate of speed. Check valves can be slammed shut under such 
conditions and heavy surges experienced. 

In some cases a variable gradient is followed where high points 
in the line may become critical. If a down surge, following pump 

failure, passes such a point, the internal pressure could be reduced 

“far below the vapor pressure of the fluid and the liquid column 
would part. Upon rejoining, the two sections may have their 
relative velocities changed abruptly and a severe surge can re- 
sult, 

It may be of interest to follow one such complete study which 
had this further variable included, the parting and re- 
joining of the water column in the discharge line of the pump, 
upon emergency trip-out or loss of driving power. 


namely, 


The general lavout of the conduit is shown in Fig. 8(a), to- 
gether with its characteristic of length, diameter, and velocity. 
A master diagram was prepared, showing the characteristics of the 
hydraulic system, including the operation of one, two, or three 
pumps simultaneously, with and without check valves. 

The point at which the column parted and rejoined was ap- 
proximately one eighth of the distance from the pump house to 
the distharge basin, and intervals of time equal to one eighth of 
2L/a sec were utilized in analyzing this diagram. 

Fig. 8(b) shows the conditions with two pumps tripped out and 
very gradual check-valve closure. The slowing down and reversal 
of the pump with the approximate steady-state conditions with 
the pump operating backward are all shown. The check-valve 
closure was at a rate sufficiently slow to keep from cutting off the 
backward flow abruptly and causing the pressure to exceed a pre- 
determined value. 

At a point of about 1500 ft bevond the pump house, the sub- 
normal pressure fell below the barometric limit, and the water 
column parted at this point, the upper portion gradually slowed 
down, coming to rest and reversing, while the lower portion of the 
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Fic. 8(c) Pressure-Time DraGram ror Lone Lac Pipe Line, 
column continued to flow back through the pump after having 
reversed at a much more rapid rate. The upper column gradually 
picked up momentum and rejoined the lower column, resulting in 
an instantaneous surge pressure which was much greater than 
that due to check-valve closure. A resultant surge pressure, upon 
rejoining the water column, of about 250 Ib above normal would 
be experienced if no remedial devices were installed. 

On this installation, some quick-opening, slow-closing air 
valves were utilized at the crest of the hill, to admit air to act as a 
cushion to slow up the rate at which the two columns were re- 
joining. 

An analysis in advance of design indicated that a surge pressure 
of about 70 psi would be experienced and would be within a safe 
limit of design based on the stress in the thin-wall pipe. The 
actual tests made in the field, when one pump was tripped-off, 
showed a surge pressure of 65 psi. While only the operating 
gages were available for this check test, such readings as were 
secured indicated an extremely close agreement between the 
theoretical design values obtained nearly a year previously, and 
the actual test values recorded under service conditions. 


Basic RELATIONS 


It may be well at this point to restate a few of the fundamental 
relationships in surge-wave theory which determine the magni- 


ANarysis, Lone Lac Piree Line 
(9200 ft long, 36-in-diam pipe, two pumps tripped out, no check valve in operation.) 


tude of the pressure rise and its distribution along a conduit. 
These comments ‘relate to gravity flow or + ine harge lines from 
centrifugal pumps only. 


1 The pressure rise for instahtaneous closure is directly pro- 
portidnal to the fluid-velocity (V) cutoff, to the magnitude of the 
surge-wave velocity (a), ‘and is independent of the length of the 
conduit. Its value is ; 


h = aV/q ft of water 
p = aWV/144g = (a/g) (sp gr/2.3) V psi 


where 


and 
2L/a = critical time of conduit, sec 
T = closing time, sec. 
N = number of intervals of 2L/a for closing time Te : 
L = length of conduit, ft 
.. h = pressure fise above normal, ft of water ; 
p = pressure rise above normal, psi 
V = velocity of flow, fps 
* W = weight per cu ft of fluid, Ib 
sp gr = specific gravity of fluid (water = 1.0) 
k = bulk modulus of compressibility of liquid, psi- 
EF = Young’s modulus of pipe-wall material, psi 
d = inside diam of conduit, in. 


e = thickness of conduit wall, in. : 
g = acceleration due to gravity (32.2 fps per sec) 


2 When the flow rate is changed in a time greater than zero 
but less than or equal to 2. /a sec, the magnitude of the pressure 
rise is the same as with instantaneous closure, but the duration of 
the maximum value decreases as the time of clésure appftoaches 
2L/a sec. 

3 Under the conditions in paragraph 2, the pressure distribu- 
tion along the pipe line varies as the time of ¢ ‘losure varies. The 
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pressure decreases uniformly along the line if closure is in 2L,/a 
The maximum pressure at the control valve exists the full 
length of the line with instantaneous closure, and for slower rates - 
travels up the pipe a distance equal to (L-Ta/2) ft, then decreases 
uniformly. 


sec, 


*4 The surge-pressure distribution along the conduit is inde- 
pendent of the profile or. ground contour of the line so long as the 
total pressure remains above the vapor pressure of the fluid. 

5 For closing times greater than 2L/a sec, the maximum 
pressure rise will be a function of the maximum rate of change in 
flow with respect to time (dv/dt). 

6 Nonlinear closures can be investigated, and the proper valve 
timing det-rmined to hold the maximum pressure rise to any de- 
sired limiting value. 

7 The effect of centrifugal pumps and quick-closing check 
valves or control valves can be investigated using the graphical 
method of analysis. 

8 The profile of the conduit leading away from a pumping 
station may have a major influence upon the surge conditions. 
The minimum effect will be found when the line is level, the maxi- 
mum when the line is steep, or when high points occur along the 
line. 

9 Parting and rejoining of the liquid column can produce ex- 
tremely high pressures and may cause failure of the conduit. 

10 ‘The effect of friction can be accounted for graphically in 
any surge problem, and, when such losses are less than 5 per cent 
of the normal static or working pressure usually can be neglected. 

11 The greater the degree of accuracy desired for the results 
of a surge analysis, the more must be known about the various ; 
hydraulic and physical characteristics of the system. 

12 The agreement between theoretical analyses and actual 
field-test results has confirmed the accuracy of the elastic-wave 
theory in water conduits. 


3 APPLICATION TO PETROLEUM SYSTEMS 


With this broad knowledge and practice of surge-wave theory 
applied to water conduits, it has been possible to design projects 
- with complete assurance that the limit set for maximum pressure 
rise will not be exceeded in actual operation. Behavior under 
emergency conditions can be predicted, and remedial or alleviat- 
ing devices utilized to protect the installation. 
How, then, can this broad base of knowledge be applied to 
petroleum pipe lines and their associated apparatus? 


1 In either case, there exists a basic physical-hydraulic- 
mechanical system subject to analysis by the elastic-wave theory. 

2 The differences in behavior between dissimilar fluids in the 
same mechanical system can be accounted for by the differences in 
the physical properties of the fluids themselves. 

3 .There may be differing requirements in handling certain 
fluids as compared with others. This does not represent a depar- 
ture from established fundamental theory, but merely places 
limitations on the design of the installations. 


By examining the things that are the same in both systems it is 
possible to select the few factors that are different and concentrate 
our attention upon them. 

The pipe itself, the thickness, diameter, and material of con- 
struction, its length,.the profile of the country through which it 
passes, the branches, dead ends, parallel conduits, all these are 
unchanged by the fluid within a given system. 

Centrifugal pumps, differing slightly in details of construction, 
but driven by electric motors as they are in water systems do not 
introduce new factors as between oil and water, nor do they control 
valves, check valves, shutoff valves, relief valves, or other auxil- 
iary devices for regulating flow. 
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The only basic difference between water systems and petroleum 
systems is the fluid itself, and possibly the trend today toward 
lowered factors of safety in crude-oil pipe-line designs, as com- 
pared with water-supply systems, 

The velocity of the pressure wave a, is a fundamental factor in 
any surge study, as the surge pressures are directly proportional to 
its value. The velocity of surge wave is dependent upon the di- 
ameter, thickness, material of the pipe walls, and the density and 
compressibility of the fluid in the pipe. 

Our knowledge concerning the physical characteristics of the 
pipe material is fairly complete. Young’s modulus for steel lines 
ean be taken at 30,000,000 psi as an average between 29,000,000 
to 31,000,000 psi. ‘If the ratio of diameter to thickness is known, 
it is necessary to know only the density and the compressibility 
of the liquid within the pipe to determine the value of a. 

Within the range of ordinary operating temperature for water, , 
32 to 100 F, and for pressures from 0 to 1000 psi, the specific 
gravity can be taken at 1.00. 

In the same range the modulus of compressibility or “bulk 
modulus” has been measured and checked by field tests to be ap- 
proximately 300,000 psi with a variation of plus or minus 3 per 
cent. 

For other pipe-wall materials, cast iron, asbestos cement, or 
concrete, the physical factors are sufficiently well known that a 
chart, Fig. 9, can be used to determine the value of a when the 
inside diameter and wall thickness are known. 

For crude oil the variations in density and compressibility are 
greater than with water. Composition of the crude varies from 
field to field, and the presence of more or less of the highly volatile 
components may change these two factors at standard condi- 
tions. 

It is important to know just how these factors vary with pres- 
sure and temperature in the ranges, encountered in  pipe-line 
pumping, so that such variations can be accounted for in surge 
investigations. A variation in the bulk modulus will vary the 
velocity of the pressure wave and thus change the surge intensity 
by an appreciable amount. 

Fig. 10 has been prepared to show the change in surge-wave 
velocity for different values of specific gravity and compressibility. 
The range of values has been taken to cover as fully as possible all 
commonly known crudes. 

In a proposed installation it was found that there could be as 
much as 10 per cent variation in surge-wave velocity due only to 
variations in compressibility between the terminal pressure at the 
suction of one pumping unit, as compared with the initial pressure 
in the discharge of the station. 

Where fluid temperatures also vary between pumping stations 
or between seasons, an additional correction may be necessary, if 
the value of the surge-wave intensities is to be determined within 
limits of 2 per cent. 

If the limits are not closer than 10 per cent of the actual surge 
magnitude, then this refinement may be eliminated, and an 
average surge-wave velocity may be utilized for a given installa- 
tion. 

Where accuracy is needed in determining surge pressures, it is 
highly desirable to obtain a sample of crude and make a com- 
pressibility determination at several different temperatures 
throughout the range of pressures which may be experienced. 
Published literature references now available are not dependable 
for bulk modulus values as applied to surge studies. 

It is obvious that the greater the compressibility of a given 
fluid the more damping effect there will be present and hence the 
more rapid dying away of the after waves and the lowering of the 
maximum surge pressures. 

When pumping refined products, similar data are needed and 
the problem is rendered more complex when several different 
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products are in a given line at one time. The interfaces probably 
will act as points of partial reflection, in a manner similar to a 
change in diameter or thickness of the pipe wall. 

Once these physical characteristics of the fluid have been de- 
termined, the solution of any surge problem (exclusive of positive- 
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displacement pumping),‘can be obtained by the proper applica- 
tion of the elastic-surge-wave theory developed for water prob- 
lems. 


PUMPING 


The analysis of surges occurring in positive-displacement 
pumping of fluids has been described in great detail in the classic 
work of Diederichs and Pomeroy (15), presented before the 
Petroleum Division in 1929.° In 1936 DeJuhasz published two 
excellent papers (16, 17), extending such analyses to the injection ° 
systems of Diesel engines using graphical methods. ; 

In the Diesel-engine field it is well known that the degree 
of compressibility of Diesel fuel oils will have an effect on the per- 
formance of the engine. As the fuel pumps force the liquid into 
the engine, they store up energy within the system and the pres- 
sure wave is slightly delayed in reaching the spray nozzle. When - 
the fuel pump stops delivering oil, this locked-up energy is dissi- 
pated, causing the spray nozzle to continue to discharge for a rela- 
tively short period of tinte after the fuel flow is supposed to be cut 
off. 

Analyses have been made using the elastic-wave theory to 
establish adjustments in the crank-angle setting for fuel injection 
‘in the cylinders which are remote from the fuel pumps. Improved 
performance has resulted from this timing adjustment as it com- 
pensates for-the surge effect within the fuel lines and makes the 
torque applied to the crankshaft more uniform. 

With positive-displacement pumps on petroleum pipe-line 
service, harmonic surges can be set up if the impulses from the 
individual cylinders of two or more pumps get into step with each 
other. Still another factor enters, namely, the design of station 
piping and the arrangement of headers, manifolds, branch'pipes, 
and dead,ends which may have natural periods of surge-wave 
oscillations and could aggravate further any “in-step’’ harmonics 
between pumping units. : 

The magnitude of such harmonic surges can be many times the 
value calculated from the mere starting and stopping of a liquid 
column by a contro] valve. 

General solutions for the problem have not been too successful, 
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and more detailed studies Are usually required to arrive at a means 
of correcting harmonic surges. 
JOINT SURGE CONFERENCE 

In connection with the design of large crude-oil pipe lines for 
the Middle East, and in the United States and elsewhere, it was 
felt necessary to acquire a more thorough knowledge of the pres- 
suré surges that might be experienced. 

Since several large lines are now under construction, or are in 
the design stage, a Joint Surge Conference was organized in 
October, 1948, to make investigations, conduct field tests, and 
prepare reports on the subject. The major program has been 
completed and will doubtless be reported upon in greater detail 
at other technical meetings in the near future. 

Some very interesting results were obtained which can be 
mentioned briefly. 
as follows: 


Three sets of field tests were carried on 


(a) Gravity series to check the fundamental correlation be- 
tween so-called “‘water-hammer”’ theories and the actual behavior 
of crude oil in a pipe line, under field conditions where friction 
-was less than 15 per cent of the static pressure. 

_ (6) Gravity and pumping series in an actual operating line, 
some 20 miles long, where friction amounted to 80 to 90 per cent 
of the pressure available. 

(c) Operating tests of 50 odd miles of products line, under 
normal and emergency starting and stopping of the pumping 
units when operating as a closed system. 


It was found that, in every case, the field-test results checked 
closely with theoretical studies, using the elastic-wave theory and 
taking into account the differences in bulk modulus and specific 
gravity of the particular oil or refined product in the line at the 
time of the test. 

* There was complete confirmation of the elastic-wave theory as 
applied to petroleum lines. Be 

CONCLUSIONS mm 

. As has been found in the water-supply and hydroelectric field 
over a period of many years, there is no simple quick and easy 
formula to solve surge problems. Surge conditions can be cal- 
culated and predicted during the design stage of a project by 
proper application of the elastic-wave theory using the graphical 
method. 

The results obtained have been well worth the time and expense 
of making such analyses, and the practice is increasing in the 
water-supply and hydroelectric fields of carrying out detailed 
studies on surges for any proposed installation before construction 
Starts. 

As the knowledge of surge-wave, theory of “‘liquid’’ hammer be- 
comes more widely disseminated in the petroleum-pipe-line 
field, then, as in the water field, it will be used more and more with 
assurance, Designs can be based on more accurate adyance 
knowledge of surge conditions, and better designs always lead to 
better performance of the finished project 
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Discussion 

F. M. Van Deventer.‘ The author has described one hy- 
draulic line which was periodically shut off by the manual opera- 
tion of a valve. During this operation an expansion joint failed 
on several occasions, and this despite his instructions to spread the 
closing operation over a 5-min interval. His investigation dis- 
closed the fact that, although the full time was used, the operator 
had divided the time into ten '/:-min periods. He then rotated 
the valve handwheel one tenth of full travel every 30 sec. It 
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was observed that the joint failed during the final increment of 
stem travel. Gradual and continuous closing eliminated the 
trouble. 

It seems appropriate to present here an interpretation of valve- 
closing characteristics, often overlooked, and which may explain 
the experience reported by the author. 

Fig. 11, herewith, presents three curves of per cent of wide-open 
flow plotted against per cent of disk lift. 

Curve | represents a typical gate valve with a round disk slid- 
ing over a round port. The valve is attached directly to the 
reservoir, has free discharge, and hence functions as a variable 
orifice. The characteristic approximates a straight line: hence 
uniform disk travel during the closing operation would be ac- 
companied by a nearly uniform velocity decrease. 

Now, if a length of pipe equal to 1000 or 10,000 pipe diam be 
connected to the discharge side of the valve, then the flow charac- 


teristic will be determined by the resistance of the valve and pipe 


as a system, rather than by the restraining influence of the valve 
alone. 

Curves 2 and 3 represent those conditions. 

Referring to curve 3, it will be noted that if the valve disk bie 
moved 90 per cent of its closing travel, the flow will still be at 
about 86 per cent of wide-open capacity. (Compdres to 14 per 
cent for valve without pipe.) In this case, most of the flow control 
takes place during the last small increment of stem travel. 

The obvious conclusion is that either manual or mechanical 


control of valves should be scheduled so as to reduce the rate of 
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stem travel gradually as the closed position is approached. The 
extent to which this adjustment should be applied will depend 
upon the char: vcter istic of the pipe and conduit considered as a 
whole. 


AvuTHOR’s CLOSURE 

Mr. Van Deventer has raised « most interesting question con- 
cerning the relative effect of valve operation when controlling 
flow in long conduits. These factors can be related with reasona- 


_ble accuracy by using a calibration of the valve where the pres- 


sure drop and discharge capacity at various positions of the valve, 

from wide open to closed position, has been established. It is- 

possible to co-ordinate this data with the friction factor of the 

lines being controlled and thus secure the net effect of the valve. 
This will theh give the rates at which flow is cut off as the 
valve travels through its stroke. 

It would appear from Fig. 11 that.the gate valve acting alone’ 
showed almost a uniform rate of change of flow, which is rarely 
found in any control valve. The normal claracteristies of a gate 
valve operating at free discharge or in a pipe line usually: looks 


more like curve B in Fig. 4a in the author’s paper. The same, 


comment would apply to some degree to the curve in Fig. 11 with 
the valve in combination with various lengths of pipe. It would 
be interesting to know whether the curves in this illustration were 
developed from actual tests or whether it was assumed that flow 
varied uniformly with the area through the valve, neglecting 
changes in the discharge coefficient. 
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By R. J. S. PIGOTT,: 

This paper is a continuation of the second half of the 
problem involved in the writer's 1933 paper on pipe 
flow and Prof. Lewis F. Moody's 1944 paper. The pipe-flow 
situation is shown to be in satisfactory’ condition; the 
main attention’is on bends and fittings. 

It has been customary in the past to rate the losses in 
bends and fittings as a function of velocity head. Another 
old method, less used, was to rate the loss in equivalent 
length of pipe. In the case of bends and fittings two types 
of loss are superposed, i.e., skin friction or pipe-loss type, 
The methods of test are less accurate 
than for pipe as they involve getting the difference between 
two much larger readings. Consequently the test data 
are much poorer than for pipe, for several reasons: 
given above; another that the pipe fittings are not geo- 
metrically similar; and the test data are very much less 
than those on pipe. It seems clear that a rational formu- 
lation, however, could be attempted if we can establish 


and bend loss. 


one 


some picture of the factors involved in the losses. 
the present time bend and fitting losses have been taken 
from a range of factors unconnected with size, roughness, 
or velocity of flow. This formulation, on the basis of the 
tests, endeavors to show that there is a true bend loss for 
smooth fittings underlying the superposed losses due to 
roughness and Reynolds number. The final formulation 
involves an evaluation of the true bend loss and an evalua- 
tion of the roughness and Reynolds number effect s-paral- 
leling the friction factor in pipe. The final conclusion is 
that the equivalent pipe length is by all means the most 
reliable and convenient method of tabulating losses in 
different kinds of fittings and bends. The final formula- 


-2 


tion is = + & = 0.106 ( + This formu- 


lation has been checked against the test results and while 
it is obvious that the factors will be both plus and minus 
over a considerable range, the general correlation of the 
test data appear to be as good as our present test informa- 
tion will permit. 


INCE Osborne Reynolds’ development of the Reynolds 
criterion drvp/y, a great variety of empirical: and limited- 
range formulations for the variation of pressure drop with 

flow ‘rate continued in use because the effect of surface roughness 
is not covered in Rn. In 1931 and 1932, the author and Dr. 
Emory Kemler undertook analysis of all published data on flow 
test of water, oil, air, and steam, the results of which were pub- 
lished by Dr. Kemler (1)? in 1933. This study was the ground- 
work on which the author's hypothesis that roughness had the 
same effect ‘as reduction of diameter was based (2). . 

Since 1933 this formulation 
Chief Engineer, Gulf Research and Development 
Fellow ASME. 

? Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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rather general adoption, and there is now ample proof of its ad- 
vantages and much more general application over the earlier 
formulations. For example, extensive tests on commercial crude- 
oil pipe lines by W. B. Heltzel (Stanolind) and by Standard Oil 
of New Jersey, 6-in. to 12-in. sizes, and tests on gasoline in drawn 
aluminum tubing by CRC (Dr. O. C. Bureau of 
Standards) both corroborate the corresponding curves in the 
formulation. 

In 1944 Prof. Lewis F. Moody made a further valuable im- 
provement (3). By the use of the Colebrook equations (4), he 
established f versus Rn for each relative 
roughness, and also confirmed the important fact that at some 
Reynolds number for each relative roughness, the friction factor 
ceased to vary with Rn and became a constant. 


Bridgeman, 


smooth curves for 


This condition 
had been uncovered 30 or more years ago by Prof. W. 8S. Pardoe 
to be the case for Venturi-meter coefficients. Since the reduction 
of coefficient from a value of 1.00 in a properly designed Venturi 
is due to skin friction, it acts like a pipe, and the evidence of 
hundreds of highly accurate Venturi tests is that for each size 
and roughness, at some Reynolds number and above, the 
efficient becomes constant. 
long-radius nozzles (ASME 
Fluid Meters). 

The formulas for pipe flow are given again in the following: ? 

Viscous or laminar flow 


co- 
A similar behavior is also found for 
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‘ 0.00691 aly 
Round pipes, Ap = 
da? 

For pipes or conduits not circular, the following formula for 
shapes where the maximum diameter is not more than 2 5 per cent 
greater than minimum diameter, 

0.000432 uly 
Approximately circular or rectangular Ap = We — [2] 

For shapes greatly different trom circles or squares, such as 
capillary slits or bearing clearances, it has been demonstrated by 
J. M. Cunningham that Equation [2] is not exact; in fact, for the 
capillary slit, such as a bearing clearance, the value of Ap cor- 
rectly calculated, is just 1.5 Ap calculated by Equation [2]. 

Viscous flow, where 
Rn = 1200 to 2500, is likely to be found in heavy crude-oil pipe 
lines, most oil lines between oil tank and engine, internal lubri- 
cation passages such as drilled crankshafts, oil galleries, drilled 
It will also be found 
in drill pipe and hole when handling mud in oil-well drilling, in 
cement slurries, and heavy sewage. 

Turbulent flow will.be found in practically all cases involving 
water, air, natural and manufactured gas, and steam, 


that is, flow below the critical velocity 


connecting rods, and all bearing clearances. 


Turbulent flow, Rn > 2500 
0.000108 flov? 
Round pipes Ap = [3] 
d 
0.000027 flor? 
®ther shapes Ap = {4] 


In the case of turbulent flow, there is no limitation on Equa- 


tion [4] as to shape, and the mean hydraulic radius is a fully 
satisfactory criterion which was not the case in viscous flow. 
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Professor Moody’s plot of f versus Rn was arranged with dif- vary be 

ferent log scales for f and Rn; this gives a conveniént sized plot ; ; - radius. 

for compactness, but the f lines at each value of e/r are quite 3 67 

sharply curved. The original-type plot, Fig. 1, with equal co- relative 

ordinates gives no higher accuracy, but the f lines are so nearly a a a ee 

straight over large ranges that generally the whole range of flow Duct Gast Iroh Steel iron Smooth Average. the ou 

likely to be of interest in any particular case can be conveniently V2 ? -003 +0120 .0204 brass tt 

predicted by the relation 2.000057 001 : the rot 

fittings 

and dif 


TABLE 1 RELATIVE ROUGHNESS e/d 


occasio 


where the slope of the f line for the particular roughness. 3 than 3 
This procedure offers the convenience that only one flow rate- ‘ 200075 0060 4 1 
need be calculated by Equation [2]; all other-values may be 200 ; : 4 than fo 
obtained from this, value by using Relation [5]. Table 1 gives’ “0080 300060 Prob 
the roughness for the commonly used materials. % “0002 3 are thc 
It is of interest to note that, within the ordinary design range, : -to 8 in 
the values in the author’s 1933 plot and Professor Moody’s 1944 tt ’ ? types. 
improved plot do not differ over +2.5 per cent, and this is well Light ck : : mented 
within the limits of accuracy even for smooth pipe (+5 per cent). 22 : ° : ‘ a3 ance th 
Our selection of e/d for the rougher pipes such as old cast-iron, ‘6 ‘ . 7 for rati 
concrete, or riveted pipe is open to still wider errors. 
We have for the past decade been in a satisfactory position in 
so far as calculating pipe friction with sufficient accuracy is con- 
cerned; but the other half of the task, the losses in bends and pipe 
fittings, has hitherto not been covered in any consistent man- 
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ner. . : The 12-in-diam valies are also the absolute roughness: ft. 
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PrepictinGc Losses IN BENDS AND FITTINGS 


The problem of predicting losses in bends and fittings is much 
more uncertain than for pipe for the following reasons: 


1 The mechanism of flow is not clearly defined; at least two 
types of loss are superposed—skin friction (pipe loss), and bend 
loss. 

2 The dimensions of fittings, particularly screwed fittings, 
vary both in the actual body diameter and the ratio of diameter to 
radius of bend r/d, as commercially produced. 

- 3 The method of test involves taking differences between 
relatively much larger readings, and the disturbances in flow 
occasioned by the fitting are not usually completely eliminated at 
the outlet thereof. In pipe flow, consistency between tests on 
brass tubing varies +5 per cent, clean steel =10 per cent, and for 
the rougher materials, up to +30 per cent. Furthermore, for 
fittings, the variations between tests by different experimenters, 
and different fittings by the same experimenter, may vary more 
than 300 per cent. 

4 There are very much less test data for fittings and bends 
than for pipe. 

_ Probably the most extensive and accurate test data on fittings 
are those by J. R. Freeman (5), covering a range from 2'/s in. 

- to 8 in. diam, several r/d values, and both screwed and flanged 
types. With this range of sizes, Freeman’s work could be supple- 
mented by the work of others, down to */, in., with some assur- 
ance that the correlation would be good enough to furnish a base 
for rationalization. 


The test data have first been plotted ¢ versus Rn. 
NOMENCLATURE 

The nomerrclature used is given as idioms: 


pipe diameter, ft 


~ 


In all cases the values of ¢ are for bend loss only. 
friction for the length /, of the fitting path is eliminated; 


volume flow, cfs 


density of fluid, Ib per cu ft 
absolute viscosity, ft-lb-sec units, (= 0.000672 X centi- 


poises) 


friction factor, a number 


length of pipe, ft 


equivalent length of pipe for ¢p, 
length of fitting flow p 


mean hydraulic radius ( 


round pipe) 


absolute roughness, ft 


ath, ft 


relative roughness, a number 


area ) 
wetted perimeter 
4 
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bend loss factor, a number; does not include pipe friction; 

fraction of velocity head 
true bend loss factor, a number 
Rn and roughness factor, a number 


pressure, psi 


pressure loss, psi, for length / 


Reynolds number 


radius of bend, ft 


lvp 4Mvp 
or 


has been the customary method of handling. 
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Test Data 


Figs. 2 to 8, inclusive, show test data for short-radius (SR) 
screwed elbows. Test points have been omitted for all Freeman 
data as there are from 15 to 20 or more points for each, and the 
curves are simply replotted from the Freeman report (5). 

For all other investigators except Hofmann, the experiments 
were much less extensive, usually 2 or 4 points for each fitting. 
The scatter is so great as to render any combination of the curves 
on a single sheet too confusing to read. : 

Figs. 9 and 10 show long-radius elbow tests (Freeman): Fig. 
11 shows SR tees, flow entering run, with the leaving end of the 
run both plugged and open. Plugging the run end‘of these tees 
shows a higher loss than when opening free into the pipe. Plug- 


ging in this case is equivalent to converting the tee into a very . 


rough miter bend, and is not a normal use of the tee. 

Fig. 12 shows three other sizes of SR tees and two sizes of long 
radius. Plugging in the case of the long-radius tees does not 
affect the turn loss, as there is a sufficient length of water between 
the turning point and the plug, and it behaves the same as if 
open to the line. 

Fig. 13 shows five sizes of short-radius tees, flow entering the 
branch, and one size of long-radius tee. 

An examination of these curves, Figs. 2 to 13, inclusive, dis- 
closes some facts likely to be of use in spite of bad scatter. 


1 Generally the curves show a decrease of ¢ with increase of 
Rn at the lower values of Rn, and are flat at higher values of Rn. 
One or two which show apparent increase of ¢ with Rn are for 
few test points and probably due, therefore, to experimental 
error. 


2 There is a definite reduction of ¢ with size at the same value - 


of Rn. Since cast iron has the same absolute roughness for all 
sizes, this means that ¢ varies with relative roughness independ- 
ently of Jn. 

3 There appears to be .no difference in ¢ for screwed and 
flanged fittings. 


From Figs. 1 and 2 we may’infer that the variation of ¢ is 
rather similar to f for pipe flow; at low Rn values ¢ decreases with 
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increase of Rn and then becomes constant for further increase. 

In so far as can be determined from the relatively small amount 
of data and bad scatter, for the rougher surfaces (cast iron in small 
sizes), the value of ¢ becomes constant at about the same Rn as 
f in the Moody chart for pipe. In the smoother materials, ¢ 
becomes constant at lower values of Rn, than f. 

Fig. 14 shows the test results on bends, mostly steel pipe (7, 8, 9; 
11,12). In this figure are plotted some screwed and flanged (S and 
F) cast-iron ells; likewise some small aluminum tubing and 
Hofmann’s (6,10) two sets of tests on machined brass bends, both 
smooth and artificially roughened with sand and varnish coating. 
The scatter is again bad, but again there is a general decrease of ¢ 
with roughness. 

Fig. 15 shows test results on 3-in., 12-in., and 33-in. air duct. 
Even for 12-in. square, on which most of the data were taken, the 
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as the value of ¢ is a very small difference between two relatively — of flow e 
Both Fig. 14 and Fig. 15 were plotted on data at the higher formal re 


values of Rn, where ¢ had become substantially constant. In Inspec 
these curves, therefore, variation of Rn is eliminated, leaving the expe 


' 


CORRELATION OF Data 


Fig. 16 shows the values of ¢ with size, for cast- 
iron, short-radius elbows, at Rn = 100,000; and Fig. 
17 the same, at Rn = 500,000. Fig. 18 shows the same 
for long-radius, cast-iron elbows at Rn = 500,000. 

These three curves show the nature of the ¢ variation 
with size in a single material, and, consequently, with 
relative roughness. The rest of the curves for tees, 
steel bends, and air ducts are not given, as the sample 
curves are enough to establish the nature of the varia- 
tion. Using the same plots for tests of SR tees, it was 
found that the average ¢ for flow entering the run, 
leaving the branch (same size) averaged 1.48 times that 
for the corresponding elbow. For flow entering the 
branch, leaving the run, 1.95 times that for the ell. Fac- 
tors of 1.50 and 2.00 seem satisfactory. The plugged 
short-radius-tee runs are disregarded as they uniformly 
show high values, and in any case, are not the normal 
use of the tee, practically converting it into a rough 
miter elbow. The value for long-radius tees is corre- 


scatter is considerable as r/d increases; this could be expected, — spondingly 2.50 times that for short-radius elbows for both cases 


ntry through run and through branch. 


lirge values (total loss — pipe friction). * We may now, with the foregoing data, attempt to find some 


‘lationship. 
tion of Figs. 14 and 15 shows quite plainly that there is 
cted réduction of ¢ with increase of r/d; an obvious 


only r/d and ¢/d variation. variation of ¢ with e/d; ana since the values of ¢ are all high at 
The foregoing figures comprise substantially all of the reliable low values of r d, roughness alone cannot account for all the 
data and we can attempt correlation. = +” variation in ¢ and there is likely to be an underlying true bend 
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loss for dead smooth materials (which of course do not exist) that 
is dependent only on r/d. 
-Test PLors or MATERIALS 


The first move was to plot tests of each kind of material (same 


absolute roughness) on several kinds of co-ordinate paper to - 


indicate trends. The plot chosen was relative roughness (e/d) 
versus ¢. The semilog plot proved the most useful as the inter- 
cept at e/d = 0 should be the approximate value of the dead 
smooth pipe-bend loss. These plots are not given since they are 
merely the working means of approximately the quantities we 
want. At this point it appeared that the total loss in an elbow or 
bend is likely made up of three elements: 


1 The ordinary pipe friction. 

2 A minimum true bend loss for dead smooth conduit, de- 
pending only on r/d. 

3 A turbulence loss due to the relative roughness of the pipe 
afd affected by Reynolds number and roughness. 


Since we are dealing with ¢ in the more usual way, pipe friction 
for the fitting or bend is eliminated (calculated separatély with 
the rest of the pipe friction), and we need only deal with the items 
2 and 3. 

From the ¢ versus e/d plots, it was found that the value of &, 
the zero nant Hegre loss, was between 0.40 and 0.50 at r/d = 0.58; 

- and 0.02 to 0.09 for r/d = 1.78, except for some of the steel pipe 
bends which are higher. 

Using the range just given, the line for {; was drawn in Fig. 15, 
corresponding to the equation 


This line shows a satisfactory slope referred to the test curves, 
and leads us to the next step. Subtracting the values of ¢ from 
the test value of ¢, yields f, the roughness and Reynolds-number 
factor. 

Since in pipe friction f covers both Reynolds number and rough- 
ness, and since the value of ¢ seems to vary iri much the same way 
as f, with Rn, it appeared that a good plot would be {2 versus f. 
The value of f is taken for the fitting or bend roughness. The 
correlation was closest for 


[7] 


Of course it must be admitted that other power correlations 
fit nearly as well, since the scatter of test points for & is several 
hundred per cent. The correlation. was tried for both and 
at powers of 2, 2.5, and 3. 

Comparing with other methods of estimating ¢, most of these 
have been based upon a straight velocity-head relationship, no 
variation with Rn or e/d. Examination of all the test data 
compels one to recognize that ¢ does vary with both Rn and e/d, 
the same as f, and not alofie with (v?)/(2g). 

The Tentative Standards of the Hydraulic Institute, which are 
probably the latest collection of data from many sources, have 
been checked against this present formulation 


—2.5 
fH + = 0.06 + 2000 [8] 


For example, the range of values given in the Hydraulic In- 
stitute standards for short-radius screwed elbows corresponds to 
1!/,in. to 6in. by Equation [8]. For flanged short-radius elbows, 
the Hydraulic Institute range of values covers the 3-in.-to 12-in. 
range by Equation [8]. 

The formulation also agrees well with the air-duct tests, but is 
considerably lower than the test data for steel bends, except for 
one case. There appears to be a reason: With the exception of 
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Freeman, Bridgeman, and Hofmann, most investigators took 
fitting or bend loss close to the fitting or bend. This procedure 
can give e rratic results, whick are quite evident in Fig. 14. It is 
clear that the up and down variation with r/d is completely in- 
consistent for various sizes. It does not seem possible for the 
resistance of a bend, less the pipe friction, to increase to a higher 
value at r/d = 10 than at r/d = 1. The air-duct and smooth- 
tubing experiments do not show any such inconsistent behavior. 
One other point—the tests on steel bends are generally relatively 
old, made at a time when steel pipe was rolled considerably rougher 
than now; much of present production is, from smooth rolled 
plate, or seamless. The greater roughness undoubtedly raised 
the ¢-values. Moreover, in some cases, cast-iron bends were in- 
cluded with steel, of course raising the averaged results. 

The Hofmann tests on a surface as rough as cast iron bear out 
this view. It seems quite unreasonable to suppose that cast-iron 
fittings, both short and long radius, should be considerably below 
‘steel, a smoother material. The author has given the most weight 
to Freeman’s work, after that to Hofmann’s, and the investiga- 
tors of air-duct bends. These are much more consistent between 
different experimenters than the steel-pipe tests. The formula- 
tion also yields results agreeing quite well with the drawn alumi- 
num-tube tests by CRC (Bridgeman) and fairly well with Hof- 
mann’s smooth-tube data. However, the latter gives values for 
¢ below the true bend loss at values of r/d from 0.5 to 1.0; and 
higher than Bridgeman at values of r/d greater than 1.0. 


PRESENT-Day STEEL-Pipe VALUES 


Therefore it would seem reasonable to assume, since Equation 
[8] gives results in good agreement with tests on the roughest 
material, cast iron, and with the smoothest materials, drawn tube 
and air. duct, that the values calculated from Equation [8] for 
present-day steel pipe are probably nearer the truth than the 
older steel-pipe tests on a material definitely rougher than now 
and including some cast iron. This formulation attempts a con- 
sistent, rationalized expression for ¢ to overcome the-rather hap- 
hazard and wholly unrelated values hitherto used. This formula- 
tion is thought to be justified by the following: 


1 ¢ has hitherto been treated as corresponding to velocity 
head and r/d only. Tests show (particularly the more recent 
work) a definite variation of ¢ with Rn and e/d. 

2 The use of a formulation covering Rn, e/d and r/d renders 
results consistent and eliminates the use of range of values, to be 
selected on judgment alone. 

3 The older simple method of equiv alent pipe-loss computa- 
tion may be developed safely. . 


Referring to item 3, it becomes clear that since {:, involving f, 
is always a substantial fraction of ¢, the old method of representing 
fitting and bend loss by length of equivalent pipe is not only likely 


to give good accuracy, but eliminates all the work of calculating , 


the power formula, Equation [8], if tables are set up. The 
friction loss for equivalent length of pipe is Sf ae 


Ap, = (0.000108 pv?) — .............. [9] 
The bend loss, not including pipe friction, is ; 
= ¢(0.000108 (10) 


Therefore the value of ¢ in terms of feet of, pipe of the same 
roughness is 


The calculated values of ¢ for cast-iron elbows are given in 
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values by Equation [8], from 


which these curves were 
plotted. 

Applying Equation [11] to 
this table gives the equivalent 
feet of pipe; but we use both 
cast-iron and steel pipe with 
cast-iron and steel fittings, and 
brass pipe with cast-brass fit- 
tings. Therefore we need three 
sections, for the three line ma- 
terials, using the f for maximum 
design flow for cast-iron, steel, 
and drawn tube for the three 
cases, The values are given in 
Table 3. For bends, the bend 
and the line material will be 
the same. Table 4 gives the 
equivalent pipe length; since 

| galvanized air duct is near to 

| | | 83,300 drawn tube in roughness, the 
TTT equivalent lengths come out 
— so nearly alike that they could 

£ be combined in one set of fig- 

Fic. 20 « ures. Allof these tables have 

been based on the values of ¢ 

after Rn was great enough to 
Fig. 19. Those for drawn tubing, steel pipe, and galvanized- become constant, and this is near enough to the usual design a 
sheet air duct are given in Fig. 20. Table 2 gives the calculated maximum flow to be satisfactory. To make sure of the values 
of ¢ at lower flows, in which we are occasionally interested, the 
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TABLE 2 CALCULATED ¢ 


nape calculated values were checked for lower Rn values. Since they 
: 1. Dieta | + Roy are affected by f, they follow the test curves, Figs. 2 to 15, quite 


TABLE 3 EQUIVALENT FEET OF STRAIGHT PIPE 
3/4 1.158 +850 +769 753 749 Cast 90-dee Ribows 
CAST 90 DEG. ELBOAS 


C.1. Pipe Steel Pipe Brass Pipe 
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i a a 
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CONCLUSIONS 


t has been believed generally that screwed fittings of given 
r/d offered higher resistance than the corresponding flanged 
fittings. The test evidence, mostly Freeman, does not support 
this view. The reason is that all the screwed fittings average 
approximately 12 to 15 per cent larger diameter of body than the 
inside pipe diameter; this circumstance lowers the turbulence 
effects sufficiently to offset the loss due to enlargement of sec- 
tion leaving the pipe at entry of the fitting, and the subsequent 
contraction at exit from the fitting to the line again. 

This formulation (Equation [8]), cannot of course be con- 
sidered final, and it must be admitted it takes an optimist to take 
the necessary risks with such scattering data. 

With regard to gate and globe valves, check valves, unions and 
couplings, it is thought that skin friction has little part, and that 
the sharp turns, changes of section, contractions and expansions 
are the principal cause of loss. Therefore in these cases ¢ can be 
treated as largely varying with velocity head only. ~ 
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Discussion 


S. Logan Kerr.’ The author has demonstrated in a very inter- 
esting manner the application of the friction-flow theory for pipe 
lines to the determination of losses in fittings, tubes, and pipes. 
The comparisons between the various theories are most interest- 
ing and confirm the contributions which Prof. Lewis F. Moody 
made in 1944. 

The validity of experimental work in the fie " i of pressure losses 
in pipes, valves, and fittings is dependent entirely on the meth- 
ods that are used for measuring pressures and flow. It is well 
known that pressure taps immediately downstream from ob- 
structions to flow do not give an accurate indication of the head 
loss. It is necessary to have a series of piezometers above and 
below the valve or fitting to be investigated, establish from them 
the normal slope of the pressure loss versus length in straight 
pipe, then project these lines to the upstream and downstream 
limits of the fitting or valve, and measure the difference between 


3 Consulting Engineer, Philadelphia, Pa. Mem. ASME. 
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them in this manner. These multiple.piezometers should be lo- 
cated over a distance of not less than 5 diam upstream and down- 
stream from the valve under test. In Some cases, 10 to 15 diam 
will be necessary in order to develop a uniform straight line of 
pipe loss with respect to length of pipe. 

The use of multiple piezometers also aids in detecting errors 
due to the improper design of piezometers and of their position 
with respect to the pipe wall which may affect the readings. 

There is some question as to the practice’ of: reporting losses 
through valves and fittings, and it is important that an accurate 
definition of gross loss and net loss be included in any test reports 
or studies of friction loss through valves and fittings.: 

It is the practice of certain manufacturers of valves and fittings 
to deduct from the gross pressure drop the amount of friction 
that would occur in a straight piece of pipe of the same length as 
the face-to-face dimensions of the valve or fitting. This gives a 
net pressure loss over and above that in straight pipe. On large 


valves with high velocities through them, it is essential that a care- - 
ful designation be made as to whether or not. the equivalent 
. Straight-pipe loss has been deducted, or whether the loss as re- 


ported is for the valve itself without adjustment. 

The condition of flow entering the test section is also of great 
importance, as whirling or eddying of the fluid will affect the pie- 
zometer readings. It has been found frequently in larger conduits 
that the presence of a bend or transition section ahead of the 


* test section will distort the results and make them meaningless. 


It has also been found that repeat runs at the same velocities will 
not check each other, due to a’so-called “rolling-flow’” condition 
which is not identical in the two series of observations. , 

Mr. Floyd Nagler reported a number of tests made at thie Univ- 
ersity of Iowa on large rectangular conduits with 90 and 180-deg 
bends. The variation of test results from ene run to another in- 
dicated a rolling How, and visual observations made of the flow 
pattern showed this very clearly. The roughness factor also must 
be considered in proportion to the size of the conduit. In ana- 
lyzing the results of pressure-loss investigations, it is essential to 
have full data on this factor. 


F. M. Van Devenrer.' In the author’s 1933 paper® he pre- 
sented the friction-factor relationship using straight lines. The 
writer is one of the multitude who a¢cepted and used that paper 
for precise calculations. 

The use of that chart involved a supplementary table of pipe 
sizes and roughness values. That combination of chart and table 
did not permit smooth interpolation since any reading was taken 
from one or another of the 18 lines. Thus a comparison of two 
successive pipe sizes could be quite misleading. 


The writer prepared a chart using Pigott’s basic data, but with’ 


scales appended for steel, cast iron, and drawn tubes. Thus, for 
most problems, reference to a supplementary table was avoided 
and smooth interpolation obtained. That chart was published 
in the general catalog 1937, 1942, and 1947 editions of the writer's 
company. 

As the author has reported, Professor Moody, in his 1944 pa- 
per,® faired the curves in accordance with the Colebrook equa- 
tion. He also spaced the plotted lines to correspond to preferred 
values of relative roughness.e/D,and appended a chart from which 
values of e/D are obtained for known diameter and roughness. 


Smith and Shebeko, in designing the ‘“‘Polyflo” computer, also - 


used the Colebrook data. 
The author’s present contribution likewise embraces the ( Jolle- 
brook principle and, therefore, yields results commensurate with 
‘ Assistant Chief Engineer, Walworth Company, Inc., New York, 
N. Y. Metn. ASME. 


Refer to author's bibliography (2). 
© Refer to author's bibliography (3). 
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Moody's. He has adopted ¢/ ) in plotting, but again uses a supple- 
mentary table from which values of ¢/D are obtained. 

The writer’s Fig. 21 is a revision of his 1937 edition, using the 
Moody and Pigott faired curves. Again, scales are provided di- 
rectly on the chart for steel, cast iron, and drawn tubes. A fourth 
seale of «/d values permits solutions involving other materials, 
provided the absolute roughness is known. Thus reference to 
supplementary tables or charts is avoided. The use of a uni- 
formly spaced grid also facilitates following the guide lines with a 
minimum of confusion. 

The following statement from the paper requires clarification: 

. within the ordinary design range, the values of the author's 
1933 plot and Professor Moody's 1944 improved plot do not differ 
over +2.5 per cent...””. At Reynoldsnumbersin the range 100,000 
to 1,000,000, the old and new plots cross. At lower Rn, the old 
values ‘were high, and at higher An, the old values become in- 
10,000,000, the old values 
»-in. and 2-in. steel, respectively. 


creasingly deficient, e.g., at Rn = 
were 50 and 40 per cent low for ! 
The author implies that this is not in the ‘ordinary design range.” 
Albeit, the writer is presently concerned with design problems 
running the gamut of Reynolds numbers from 500 to 50,000,000. 
Oil transport lines operate in the 40,000 to 200,000 range, natural- 
gas transport lines 1,000,000 to 20,000,000, and flow channels 
feeding supersonic wind tunnels and jet-propulsion devices may 
exceed 50,000,000. 
1937 friction-factor charts are definitely replaced by the more ac- 
curate Moody 1944,—Pigott and Van Deventer 1949 versions 
the better. 

The author has presented in Figs. 2 to 12, graphs for pipe fit- 
tings plotting lambda versus An. This nomenclature (lambda) 
has been used by foreign writers, while most American authors 
have used K. Either lambda or AK is the number of velocity 
heads lost, or the coefficient K in the formula ~ 


The sooner the author's 1933, and the writer's 


KX — 
29 
This is not made clear in the paper, though loosely implied in the 


explanation of symbols. 
2 


100,000,000 


Friction-Factor CHart 


In the several graphs, only upper and lower limits are plotted. 
One must still use judgment in selecting a datum between these 
limits. Such being the case, the same end is attained by tabulat- 
ing the high and low values as has been done by other authors. 

To facilitate the use of lambda or K values the writer offers 
the following formulas for the evaluation of velocity pressure 
a Fitting turbulence loss, psi = K X VP 

2 
0.00116 gpm X G, 


VP for any liquid = 


2 
0.00113 X cfm x G, xX Z T 


VP for any gas = 
PX 520 


2 
0.28 X lb/hr V 


VP for steam = 


where 


psi = loss, psi 
kK fitting factor, or number of velocity heads lost 
VP 
gpm 
efm 


velocity pressure, psi 

gallons per minute 

cubie feet per minute measured under standard condi- 

tion, 14.7 psia and 60 F 

pounds per hour, for steam 

inside diameter, in. 

specific gravity relative to water 

specific gravity relative to air 

absolute pressure of flowing gas, psia 

compressibility factor, if gas deviates from Boyles law 
= specific volume of steam, cu ft per lb 


The only objection to the use of the D’ Arcy formula is that it is 
slower and more cumbersome than most of the less precise empiri- 
cal formulas for specifie fluids. It is necessary to obtain from 
tables, viscosity and density data for the fluid in question. Then 
two Separate solutions must be accomplished: First for Reynolds 


number, then the basic flow formula. In the interest of time-sav- 
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ing and facility, several forms of special slide rules or “mechanical 
brains” have been devised. Some of these are eminently satis- 
factory. The Polyflo type, for example, is based upon a modifica- 
tion of the D’Arcy formula and yields compatible results. Fric- 
tion faetor is easily compensated for correct e/d. Gage points 
are provided covering almost any fluid met in general engineer- 
ing practice; hence reference to viscosity tables is unnecessary. 
The writer, after extended use of this device, recommends it as a 
general purpose, time-saving tool. 


AUTHOR'S CLOSURE 


The’ author is glad to get Mr. Kerr’s support of the idea that 
for testing of hydraulic elements such’as fittings, bends, and 
valves, great care must be used in placing and instrumenting 
the readings. It must be admitted that much of the early test 
data lacks a perception of some of these conditions and therefore 
has added to the difficulties by giving greater scatter to the results. 

In preparing this paper the author was preoccupied chiefly 
with the task of the ordinary designer of a power or industrial 
plant where the relatively smaller sizes of materials are much in 
use. In the line in which Mr. Kerr is most interested, the sub- 
ject covers, as a general rule, by far the largest sizes of piping with 
which we are concerned and it is readily agreed both that irregu- 
larities of flow, such as rolling flow, and other velocity distor- 
tions may take a more prominent part than they are likely to do 
in smaller sizes. The reason is that We are generally dealing 
with water (low viscosity) and, in these large sizes, cast iron and 
concrete have very low relative roughness, and therefore 
the irregularity of the flow plays a considerably greater part. 
Almost the only man who widely investigated the difference be- 
tween close-coupled and spread-fitting configurations was John 
Freeman and there was no consistency even in his results. 

The author feels sure that there are some deviations from aver- 
age results even in the smaller size of piping which can be pro- 
duced by piping configuration, such as, for example, two short- 
radius elbows in planes at right angles to each other. We have 
not enough data to decide upon what increase of loss would occur 
from such an arrangement, nor indeed do we know how it might 
vary with Reynolds number or roughness. It is quite agreed 
that since the pipe loss per foot of length is small, fitting and bend 
losses will vary more in the large-sized equipment used in hy- 
draulic plants. The present information we have on valves 
is relatively unsafe for the large valves used in such plants, par- 
ticularly where the Valves are of special design to reduce loss, for 
example, the Johnson valve. 
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Referring to Mr. Van Deventer’s discussion, in the author’s 


‘original 1933 paper’? the roughness table Was prepared from a 


chart of exactly the same nature as Professor Moody’s in his 
1944 paper (see Fig. 2 of 1933 paper), but both in his own plots 
as well as Professor Moody’s it was found that many kinds of 
pipe have a range of values which overlap each other‘and it gets 
quite confusing to read the chart without error, It should be 
borne in mind also that the author spent little time in making con- 
venient charts, but only in getting one idea across, i.e., that the 
loss in bends and fittings is, in general, not propartional to V2/2g 

only, but is affected by Reynolds number, roughness, and a Bi 
bend loss; therefore equivalent length of pipe turns out to be 
both convenient and more accurate. It is felt that it was wiser 
in a paper such as this to keep the matter purely on the basis of 
the original argument and to take up the question of ‘plotting for 
greater convenience separately. The author’ feels that Mr. 
Van Deventer’s form of plot is going to be very useful. : 

With regard to his comment on the “ordinary design range,” 
it should be borne in mind again that this paper is in terms, of de- 
signing so far commonly done in power plants and industrial 
plangs in which the design habits that have been used are some- 
thing around 80,000-85,000 Rn per in. diam and_ this applies 
pretty well both for air and gas, or liquids, In the example 
which Mr. Van Deventer gave at the meeting, using, if recollec- 
tion is right, 2 in. pipe on gas, he was dealing with velocity rather 
close to the acoustic and this is certainly not yet ordinary design. 
Of course it is true-that in the near future, with our ideas opened 
up during the war period, we may be changing design ranges very 
considerably. 

The author is thankful for the comments by Mr. Kerr and Mr. 
Van Deventer and wants to reiterate his statement that this was 
a first crack at the subject. He feels that the values given are not 
the final ones because there is certainly need of a great deal more 
testing of elbows and bends tham we have had hitherto, It is 
felt, however, that the use of this method of approach tends to 
reduce the amount of judgment required of the designer in se- 
lecting the values of ¢ for any given circumstance. There is not 


much to be gained by carefully selecting a value by judgment , 


when the variation between tests is in some cases greater than 
the whole range over which judgment is to be exercised. The 
writer believes he would rather use a curve which automatically 
gives better probability in accuracy from a single‘value. 


7“Flow of Fluids in Closed Cogduits,”” by R. J. S. Pigott, 
Mechanical Engineering, vol. 55, 1933, p.°497. 
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By A. S. IBERALL,? WASHINGTON, D. C. 


A theoretical investigation has been made of the attenu- 
ation and lag of an oscillatory-pressure variation applied to 
one end of a tube, when the other end is connected to a 

. pressure-sensitive element. An elementary theory based 
upon incompressible viscous fluid is first developed. The 
elementary solution is then modified to take into account 
compressibility; finite-pressure amplitudes; appreciable 
fluid acceleration; and finite length of tubing (end effects). 
Account is taken of heat transfer into the tube. The 
complete theory is derived in an appendix.’ The results 
are summarized in eight graphs in a form convenient 
for use in computing the lag and attenuation of a sinu- 
soidal oscillation in a transmission tube. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


tube area 

velocity of sound 

inside diameter of tube 

elastic modulus 

tube length’ 

mass flow 

volumetric flow 

absolute temperature 

instrument volume 

compressibility factor for liquid 

any arbitrary constant 

compressibility of a liquid 

exponent of “polytropic” expansion in instrument volume 
exponent of polytropic expansion in tube 
pressure 

tube-wall thickness 

time 

axial distance along tube 

dimensionless parameter of fluid regime , 


ratio of specific heats 
phase angle 

density ratio 

time constant 

fluid viscosity 

kinematic viscosity 
fractional pressure excess 
fluid density 


' This work was supported by the Office of Naval Research under a 
‘Basic Instrumentation for Scientific Research.’ 
Mechanical Instruments Section, National Bureau of 


project on 

? Physicist, 
“Standards. 

*This paper with a mathematical appendix is also to be published 
in the Journal of Research of the National Bureau of Standards, 
Washington, D.C. 

Contributed by the Industrial Instruments and Regulators Division 
of Toe AMERICAN Society or MECHANICAL ENGINEERS and presented 
at the National Instruments Conference, September 12-16, 1949, at 
St. Louis, Mo. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 


the Society. Paper No. 49—IIRD-5. 
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x = attenuation factor 


INTRODUCTION 


In many industrial processes it is necessary to know or to 
utilize the pressure at one or more points in a fluid conduit. It is 
not always possible to connect an instrument directly inte the 
conduit at those points. Instead, recourse must be had to remote 
indication or control. In the case that a fluid is used for trans- 
mitting the pressure, it is often of interest to the designer or user 
of such systems to know their response to variations in pressure, 
At the present time, the only solution easily available to the en- 
gineer is generally based on an elementary theory which con- 
siders the system as equivalent to an R-C electrical network. 
The main defect of the theory is that it does not provide criteria 
for the limits of its applicability. 

In the present paper a relatively complete treatment is given 
Primary 
consideration is given to simplifying the design of high-quality 


for the transmission of oscillatory pressures in tubing. 


transmission systems for relatively low frequencies. 

The elementary solution is derived, and then extended to apply 
for oscillatory pressures that are an appreciable fraction of the 
absolute mean pressure, for appreciable frequencies of oscillation, 
The 


in modifying the oscillatory response of the 


and for tubing shoit enough to require end corrections. 
effect of heat transfer 
tube is also discussed. 

The chief utility of knowing these corrections is that it permits 
the designer to choose the size of tubing for specific applications 
with greater confidence than can otherwise be generally done, 

In this paper the elementary theory of transmission lags is de- 
veloped, and the corrections are discussed. The complete theory 
is presented in graphical form for the convenience of the designer. 
A number of examples of the use of the design charts are also 
given. All mathematical symbols used in this paper are defined in 
the nomenclature, and also when they are first used. 

The theory is developed and more exact results are given in a 
mathematical appendix, here omitted but included in the com- 
plete paper. 


ELEMENTARY THEORY 


Fig. 1 is a schematic drawing of the system that will be dis- 


Fic. 1 


P=P+ ap sin wt 


Scnematic DiaGkamM or A 


(1, conduit. 2, transmission tube. 3, 


TRANSMISSION SYSTEM 


pressure instrument.) 


cussed throughout the paper. A tube transmits fluid pressure 


from a conduit to a pressure-sensitive instrument. The conduit 


- 4“Pressure Drop in Tubing in Aircraft Instrument Installations,” 


by Ww. A. Wildhack, NACA Technical Note 593, 1937. 


\ ion of Oscill ae 
Attenuation of Oscillatory Pressures 
be 
( 
} 
: Ss 
J F ‘ 
| , { 
° 


applies an oscillatory (sinusoidal) pressure to the entrance of the 
transmission tube. The tube, which transmits the pressure, is 
characterized by a constant cross-sectional area, and its length. 
_ The pressure-sensitive instrument, which receives the pressure, is 
characterized by its enclosed volume. It is assumed that if the 
walls enclosing the instrument volume are flexible (either elastic 
or pistonlike), the enclosed volume can be replaced by a larger 
equivalent rigid volume that will store the same mass of fluid per 
unit pressure change. It is further assumed that the pressure- 
sensitive instrument will be so chosen that its indication is inde- 
ea of the frequency of expected pressure oscillations. —” 


In deriving the elementary theory, it is assumed that Poi- 
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the second line of Equation [5| states that the flow into the vol- 
ume is limited by the pressure gradient at the end of the tube. 
Here 


Po = mean pressure at entrance 

Ap = amplitude of pressure oscillation applied at conduit 
V = instrurhent volume : 
#» = angular frequency of pressure oscillation 
L = length of tube 


It is convenient to introduce a new variable £ the fractional 


pressure excess; defined as 


seuille’s law of viscous resistance holds at each point in the tube; bine 16 
that the fluid is incompressible in the tube; that the sinusoidal po 
pressure oscillations at the beginning of the tube are of small am- — ,,, that Equations [3], [4], and [4] become, respectively 
. plitude compared to the mean absolute pressure; and that, if the . ‘ 
fluid is a gas, it expands and contracts isofhermally in the inst ru- ors a [7] 
The same assumptions applied to an incompressible fluid (e.g., a *, ‘ : 
liquid) lead to the conclusion that there is no loss in amplitude or atz = 0 “a ; 
lag in a liquid-filled system, since a liquid would not expand or [S| 
contract in the instrument volume. and ats = L 
123 Q (1) or r po D ot 
for Poiseuille’s law, and } 
ou or _ 128 wo 
: 7 po D 
for the equation of continuity. Here \ -.. [10] 
p = instantaneous pressure at any point in tube = 33” ( ") / 
= distance along tube measured from its entrance po \D AL. — 
= mean fluid viscosity Here ; 
= tube diameter . 


= volumetric flow at any point in tube 
= instantaneous density at any point in tube 
= the mass flow at any point in tube 


= cross-sectional area of tube 
t = time 


We infer from the equation of continuity and the assumption 
that the fluid is incompressible in the tube, (i.e., 0p /d¢ = 0) that 
the mass flow, and, therefore, the volumetric flow does not vary 
along the tube, but at most varies only with time (the fluid 
motion is pistonlike). 

* By differentiating Equation [1], we then- obtain 


O*p 
our? 


=0 


along the tube.” 


Our boundary conditions are that at 2 = 


a sinusoidal pressure variation about the mean pressure, and that 


atz = L 
y 2 
Q= 
Po Ol 
op 128 | 
or } 


The first line of Equation [5] expresses the rate at which a com- 
pressible fluid entering a rigid volume builds up pressure, while 


& = fractional pressure excess 

f = amplitude of fractional pressure excess at origin (= 
Ap/Ppo) 

Ao = time constant of system 


It is of further convenience to separate the pressure excess into — 
a part that varies with 7 and one that varies with ¢. 


Let 


where = is the maximum amplitude of the pressure excess at any 
point of the tube. 


Our equations then become 
0 [12] 
[14] 


The solution of Equation [12] which satisfies Equations [13 | 


and [14] is 
1 + (1 


115 


The ratio of the amplitude of the pressure excess at the end of 
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the tube to that at the beginning of the tube is then given by 


l | 
ko 1+ nw) 
where “4, 
= Aw {17] 
Here 
? = maximum amplitude of pressure excess at instrument 
volume 
x, = attenuation factor 


The real part of Equation {16] is the attenuation in amplitude 
of the pressure excess, while the imaginary part is the phase lag, 


or 
tan dy = x, 


where do is the lagging phase angle. 

We will regard Equation [18] as the elementary solution of our 
problem. 

It indicates that a transmission system is characterized by a 
time constant Ao, Which can be computed from a knowledge of the 
dimensions of the tube, the effective internal volume of the end 
device, and the’ average conditions of the gas in the tube; and an 
attenuation factor xo, for each’angular frequency, from which one 
can compute the attenuation and phase lag in a tube. The'tube 
dimensions and the instrument volume furnish the analog to the 
resistance and capacitance of an electrical network. 

In principle, although difficult in practice, from a knowledge of 
the response to a sine wave, one can obtain the response to square 
waves, step functions, etc., by Fourier analysis. 


Discussion OF CORRECTIONS 

The assumptions made in the elementary theory are restrictive, 
and in the appendix’ these are modified, one at a time, until 
finally we arrive at a complete solution that accurately takes into 
account all first-order phenomena, and partially takes into ac- 
count second-order phenomena. Complete results are presented 
in convenient graphical form in Figs. 2 to 9, inclusive. 

The factors that must be taken into account are as follows: 

Compressible Flow in Tube. The effect of fluid compressibility is 
to introduce a time constant and corresponding aitenuation fac- 
tor (Ar, xr) depending on the tube volume in addiiuon to the ones 
depending on the instrument volume. (The time constant and 
attenuation factor depending upon the instrument volume will be 
referred to ss A, and x, henceforth instead of \g and Xo.) In terms 
of the electrical analog, the tube volume represents a distributed 
capacitance in addition to the equivalent capacitance of the in- 
strument volume. 

Finite Pressure Excess. The effect of the application of a finite 
pressure excess to a compressible fluid in a transmission tube is to 
introduce harmonic distortion and to modify the mean pressure. 
However, the attenuation of the fundamental is essentially in- 
dependent of the magnitude of the pressure excess. The per- 
centage of distortion is approximately proportional to the applied 
pressure excess. 

Fluid Acceleration. The effect of fluid inertia is to modify the 
time constants of the system. Both the attenuation of the funda- 
mental and the magnitude’ of harmonic distortion are affected. A 
dimensionless parameter z, analogous to the Q of an electrical sys- 
tem, characterizes the fluid regime and determines whether fluid 
inertia may or may not be neglected. 
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When fluid inertia is negligible, a transmission tube acts like a 
highly damped system; when fluid inertia is large, a transmission 
tube acts like an undamped system, and elementary acoustic 
theory is applicable. 

Finite Length of Tubing. The effect of fluid acceleration at the 
ends of.the tube results in further distortion of wave form, which 
must be taken into account in short tubes. 

Heat Conduction. Uf there were no heat transfer from outside 
the tube to inside, the oscillatory processes would take place 
adiabatically; if there were perfect heat transfer into and through 
the tube, the processes would take place isothermally. The effect 
of finite heat conduction is to make the real process occur in be- 
tween these extremes, although in a rather complicated fashion. 
At low frequencies the process may be regarded as isothermal. 

Although an exact result is given in the appendix,’ it is ad- 
vantageous to utilize the thermodynamic equation of condition, 
discussed in the following section, for elucidating the problem of 
attenuation in tubing. 


THERMODYNAMIC EQuATION OF CONDITION 


In the case of an oscillatory variation of fluid flow, the equation 
relating the thermodynamic parameters of the fluid lies between 
the adiabatic and the isothermal equations of condition. 
high frequencies, as in sound waves, it is well known that the 
adiabatic equation holds. 
tion, the adiabatic relation is not, in general, attained. 

For,a gas, we assume, and justify in the appendix’ that the 


For 


However, for viscously damped mo- 


processes can be described as “‘polytropic,”” that is, characterized 
by a constant exponent n, in the expression 


p = cp” | 19] 
with 
1S 
where 
n = exponent of polytropie expansion in tube 
y = ratio of specific heats 
n = density ratio (p/po) 
po = average density in tube 


¢ indicates any constant 


The viscosity of gases is independent of the pressure, and, as an 
approximation, proportional to the absolute temperature. (The 
more rigorous approximation is that the viscosity is proportional 
to (T)'2/(. + ¢/T), but over a small range this can be approxi- 
mated by the temperature to a power close to 1. For example, for 
air at room temperature, a power of 0.8 fits experimental data 
quite well. The difference from unity is unimportant for our 
purpose.) 


Therefore 
wp ) 

Mo + ) (20) 


follows from the gas laws and Equation [19]. Here 


instantaneous fluid viscosity 
absolute temperature 


n= 
T = 
Equations [19] and [20] thus express the variation of viscosity, 
density, and pressure, respectively, in a polytropic process in a 
gas. At low frequencies, the polytropic exponent may be re 


garded as equal to unity. 7 
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Fic. 2) Ampuitupe Ratio or FUNDAMENTAL | tox. / to! A VOLUME- 

TERMINATED TUBE AS A FUNCTION OF A PARAMETER PROPORTIONAL 

TO FREQUENCY (X70) FoR Vartous Ratios or InstRuUMENT VOLUME 
To Tune Votume (Xpo/X7o) With Larce Dampine (z < 1) 


Fic.4 Ampritupe Ratio of FunpaMeNTAL | IN A VoLUME- 

TERMINATED TuBE AS A FUNCTION OF A PARAMETER PROPORTIONAL 

TO Frequency (X7o) ror Vartous Ratios or InstrRuMENT VoLUME 

To Tuse Votume (Xjo/X7o) AND FOR Two VALveEs or Specific HEAT 
Ratio (y) IntermMepiate DampinG (z = 6.25) 
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Fic.6 Ratio or FunpaMENTAL | IN A 
TERMINATED TUBE AS A FUNCTION OF A PARAMETER PROPORTIONAL 


TO (wl. /C) ror Vartous Ratios or INSTRUMENT VOLUME 


To TuBe Votume (X;/Xr) Litrie Dampine (z => 100) 


Fic. 8 Revative Ampuitupe or Harmonic Distortion 

Italo to) IN A VoLUME-TERMINATED As A FUNCTION OF A 

PARAMETER PROPORTIONAL TO FREQUENCY (X70) FOR Vartous Ratios 

INSTRUMENT VoLUME TO TuBE VotuME (Xjo/X7o) Wit LARGE 
DaMPING (z & 1) 
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Fic.3 Puase Lac or FunpAMENTAL (60)0 IN A VoLUME-TERMINATED 
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(%to/X7o) Larce Damptne (z < 1) 


Prase Lac or FuNpAMENTAL (60) IN A VOLUME-TERMINATED 

TuBE a8 A FUNCTION oF A PARAMETER PRopoRTIONAL TO FREQUENCY 

For Various Ratios oF INSTRUMENT VoLUME TO TUBE ME 

AND FOR Two VaLves or Speciric Heat Ratto (y) Wirrs 
INTERMEDIATE Dampine (2 = 6.25 


ea 


i 3 
For sahd straight bees, | i 


100 


| 


8, — degrees 


Fic.7 Puase Lac or FunpAMeNTAL (49) IN A VOLUME-TERMINATED 

Tuse as a Function oF A ParaMeTER PRoporTIONAL TO FREQUENCY 

(wl /C) ror Various Ratios or Instrement VotuME To TuBE 

Votume (X;/Xr) InpicatiInc THE DirrzrRENtE Between No 

DAMPING ‘16]'/2 = 0, AND SMALL Damptne = 1, 

FOR Two VALUEs oF Spectric He AT Ratio (y) Wits Smati Damprna 
(z =°100) 
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For liquids, we assume that the equation of condition in a 
polytropic process is given by 


where 


For liquids, however, ¥ lies so close to unity that we may satis- 
factorily assume n = 1. 
Equation [21] can then be written in the form 


where 
b = compressibility factot (= kopo) 
ko = liquid compressibility at average conditions in tube 


The variation in viscosity of a liquid over a small range of tem- 
perature can be neglected, so that in a polytropic process 


Actually, the implication in Equations [22] and [23] is that in a 
liquid-filled transmission line, the effect of conditions appreciably 
different from isothermal is negligible. 

It is also necessary to take into account heat exchange at the in- 
strument. 

For an isothermal process with a gas in the instrument volume, 
we previously assumed that 


* dp 


‘ Po Ol 
represents the influx of fluid. If, instead, we assume a poly- 
tropic process in the instrument, characterized by an exponent 
m (the heat exchange may differ in the tube and instrument vol- 
ume so that m is not necessarily equal to n), then Equation [5! 
*should be modified to 


Op 
mp ot 
> n V Op 
in the case of gases; or to : 
[25] 
Po Ot 


in the case of liquids. 

If the fluid is regarded as a spring, the exponent of the poly- 
tropic ‘process for a gas, or the small compressibility of a liquid 
may be viewed as quantities which make the fluid spring stiffer in 
the case of gases, or almost infinitely stiff in the case of liquids. 
It is shown in the appendix* that these polytropic exponents 
modify the time constants of the tube and volume. 


GENERAL Procepure, Wirn Examp.es, FoR Computinc TRANS- 
MITTED PRESSURE 

The computation of the attenuation and phase lag at one end of 
a transmission tube of a sinusoidal pressure variation imposed at 
the other end can be carried out with the aid of Figs. 2 to 9. 
These figures are based upon the theory largely developed in the 
appendix. The computations are made primarily for the attenua- 
tion at the fundamental frequency. An estimate of the distortion 
arising from finite input amplitudes with high damping is made 
in the appendix.* The computation for the first harmonic in the 
distorted output can be made with the aid of Figs. 8 and.9. An 
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outline of procedure for making computations follows: 


1 Compute 


D? w 


4 


a dimensionless parameter of the fluid regime which character- 
izes the amount of damping present. When this parameter is 
less than one (large damping), use Figs. 2 and 3; when greater 
than 100 (small damping), use Figs. 6 and 7. For intermediate 
values of this parameter, use Figs. 4 and 5 as an aid to inter- 
polation, 


2 Compute the attenuation factors 


/L\? 
xn = ( (27) 
dD 


for a gas, or 


L\? 1 D 
= B2uokow ( ) (: 4 >) 129) 


D Po koE 
x V 1 
Xro A L 1 + Po — Da 1 : >) 
Po 8 


fora liquid. These quantities Xro and X,o are factors based on the 
tube volume and instrument volume, respectively. The zero sub- 
script means that they are values for the case of large damping. 


3 Compute the input pressure excess 


| Ap 


4(a) For values of z less than 1, enter Fig. 2 with Xr and 


Xs0/Xzo to find the amplitude ratio | tn /&,\5, and enter Fig. 3 to 


find the lagging phase angle (49)o. 
4(b)° The output pressure excess is then computed from 


5(a) For values of z greater than 100, compute 


zx 


Xr Xro 
= 
Xr Xre 


For liquids, assume Y = 1. 

The quantities x; and X7 are the attenuation factors for the case 
of low damping. With low damping, it is convenient to use the 
dimensionless parameter wl/C which is proportional to fre- 
quency, as the independent variable. The quantity C represents 
the velocity of sound. 

5(b) Enter Fig. 6 with wl /C and x:/xr to find the amplitude 
ratio | Eoz/t:| and enter Fig. 7 to find the lagging phase angle 4». 
It is necessary to estimate the phase angle by interpolation. For 
very small values of Xro compared to 1, the lagging phase angle is 


- zero up to the first resonance. In Fig. 7 curves have been pre- 


sented to indicate the phase angle for (yxm/16)'? = 0 and 
(yxr0/16)'/*? = 1. One may linearly interpolate for values lying 


‘between 0 and 1. 
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: from step 6(a) at = = 6.25, 


lying between 1 ‘and 100, one may inter- 
polate between the values of amplitude ratio and lagging phase 
angle obtained in Step 4(a) and those obtained in step 5(b) by the 
use of Figs..4 and 5. Enter Figs. 4 and 5, with xro and xs0/x70 to 
find the amplitude ratio | & and lagging phase angle 6o. 
These are the values for z = 6.25. In order to interpolate, plot a 


6(a) For values of 2 


logarithmic graph with z as abscissa and the amplitude ratio or 
Plot the values from step 4(a) at z = 1, 

and from step 5(b) at z = 100, draw a 
curve through these three points, and interpolate on n this curve for 


phase angle as ordinate. 


the intermediate value of 2 
COMPUTATION OF DOUBLE-FREQUENCY DISTORTION 


This computation represents only an estimate of the double- 
frequency distortion, and is strietly only valid for values of z less 
than 1. 

Compute X70 and Xjo/X7. Enter Figs.°8 and 9 to obtain the 
relative amplitude ratio | &12/£|o/g and leading phase angle (4;)o 
for the double-frequency wave. The leading phase angle is 
measured on the time scale of the fundamental where the input 
is a cosine term, 

Compute the pressure excess of the double frequency | £110 
from 


fo? 


in pressure at the instrument volume which 
is larger than the mean pressure at the tube entrance by foAp 
(1 Eo. /to /4. 


, The various quantities in this section are defined as follows: 


uy = mean fluid viscosity 

vy = mean kinematic viscosity 

po = mean fluid pressure 

P, = ambient pressure external to tube 


—* Ap = amplitude of applied sinusoidal pressure 
1 & = applied fractional pressure excess 
3 to, = pressure excess of fundamental at instrument volume 
= pressure excess of double frequency at instrument volume’ 
6) = lagging phase angle of fundamental at instrument. vol- 
ume 
6 = leading phase angle of double frequency at instrument 
volume 
ky = mean fluid compressibility 
— Vo = equivalent rigid internal volume of instrument 
A = internal cross section of tube 
D = internal diameter of tube 
s = wall thickness of tube (assumed small compared to 
diameter) 


= elastic modulus of tube material 


L = length of tube 

( = velocity of sound in fluid ‘ 

y = ratio of specific heats of fluid (assumed to be 1 for liquids) 

m = coefficient of polytropic process in instrument volume. 
(In lieu of other information, it may be assumed to 
be 1.) 

z = dimensionless parameter characterizing fluid regime 

w = angular frequency applied 

Xp = attenuation factor based on tube volume 
X; = attenuation factor based on instrument volume 


Subscript 7' refers to parameters based on tube volume. 
Subscript J refers to parameters based on end volume. 
Subscripts O or 1 adjacent to a letter denote fundamental or 
first harmonic. 

An end subscript of 0 denotes a value for case of large damping. 
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The attenuation of the fundamental may be computed validly 
from the formulas developed in this paper when 


vow 
| 


The second harmonic distortion, which was only estimated 
approximately, may be validly computed from the formulas de- 
veloped when 


wl)? 


<1 (37) 


4 


and for applied pressure amplitudes small enough to gu arantee 
laminar flow. 


EXAMPLES OF COMPUTATIONS 


The calculation of attenuation by the General Procedure 
outlined will be illustrated by a number of examples. 

(a) What is.the longest length of */,.-in-ID tubing that can be 
used to transmit air pressure to a Bourdon-type pressure gage 
(equivalent internal volume assumed negligible) up to a fre- 
quency of '/. cycle per sec (cps) with a loss in amplitude not 
greater than 25 per cent? What will be.the double-frequency dis- 


tortion? For air, assume wo = 2 X 10-4 poise, vo = '/¢ stokes, 
m = 1, ¥ = 1.4, po = 10° dynes/em? (atmospheric pressure), 
angular frequency w= 7. 

Using Equation [26], z = 1/1 (computed in consistent units). 


This value is sufficie nly 6 close to unity to permit the use of Figs. 2 
and 3. 


Enter Fig. 2 with | &o,/ 0 = 0.75 and x,,/Xro = 0, since the 


instrument volume is negligible, to find Xro = 2.1. Compute L in 
Equation [27] to be 160 ft. 
Enter Fig. 3 with Xm = 2.1, to find that the maximum 


phase lag will be 53 deg. 

Inter Fig. 8 to find that the relative amplitude of the 
double frequency ‘foo = 0.35. For .initial pressure ex- 
cesses of 0.1, 0.3, and 1, respectively, the double-frequency ampli- 
tude, relative to the input ae, will be 3'/2, 10'/s, and 35 
per cent, respectively. 

(b) What lengths of 0.1-in-ID tubing (nominally */j-in-OD 
tubing) can be used for quality transmission of air pressure for fre- 
quencies up to 1, 10, 100, 1000 eps into pressure instruments with 
equivalent rigid volumes of 0.1 cu in. and 1 cu in.? 

We will define quality transmission as that in which there is no 
more than *5-per cent change in fundamental amplitude or more 
than +30-deg phase shift (whichever is more stringent ). 


Assume that wo = 2 X 10°' poise, vy = '/¢ stokes, m = 1, 
y = 14, D = 0.1 in., A = 0.0079 sq in., po = 106 dynes/cm?, 
po = 0.0012 


We will calculate for each frequency separately. 


Let f = Leps: : 

Using Equation (26), « z = 0.61, therefore use Figs. 2 and 3. 

Assume AL = &, therefore, by Equation [28], x10/X7o = 0. 

Enter Fig. 2 for \ bos /Eale = 0.95 to find xro = 0.80. 

enter Fig. 3 for (6,)o = 30 deg to find x79 = 1.1; use 0.80 since 
more stringent. 

Calculate L from Equation [27] to be 450 in. 

Calculate AL to be 3.5 cu. in. 

Compute X79/X7o from Equation [28] to be 0.029 for bd 
in.; to be 0.29 for V = Leuin. 

In Fig. 2, X70 is modified negligibly for V 

Therefore L = 450in. = 37 ft for V 


=O0.leu 


= 0.1 cu in. 
= 0.1 cuin. 
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Re-enter Fig. 2 for ‘otal. = 0.95, X10/Xro = 0.29 to find 
Xro = 0.5. 


Calculate L to be 350 in. = 29 ft for V = 


Let f = 1000 eps: :. 
Using Equation |26], 2 = 610, therefore use Figs. 6 and 7. - 
Assume X;/Xr = 49 (the line volume will probably be small). 
— Fig. 6 for | Eg, /tolo = 1.05 to find wl /C = 0.031. 
‘aleulate, L from Equations [33], [26], and [27] to be 0.066 in. 
ulate AL to be 0. 
Using Equation [34], i than 
assumed so that wl/C, ree therefore L is less than the previous 
One may note that the estimated length will be so 
small that the theory essentially predicts that no transmission 


cu in. 


is seen that X,;/Xr is greater 


estimate. 


In fact, the acoustic impedance of the 
instrument, 
impedance of the pressure instrument itself will probably govern 
the response at this high frequency. 


tubing at all may be used. 


entrance orifice into the pressure or the mechanical 


Let f = 10 eps: 
Using Equation |26|, 2 = 6.1, therefore use Figs. 
Assume AL = &, = 0. 


with = 1.05, 


4 and 5. 
therefore 
Enter Fig and y = 1.4 to find = 
0.12 
“Compute L from Equation |27| to be 58 in. 
AL to be 0.45 cu in. 
Compute Xso/X ro from Equation [28 | to be 0.22 for V 
in.; = 2,2 for V = l cu im. : 
In Fig. 4, X79 is modified to about 0.07 for Vo = 0.1 cu in. 
Therefore L is reduced to about 4 ft for V = 0.1 cu in. 
Pines Fig. 1.05, and Xyo/X7o = 2 to find 
= 0.018. 
C L to be 22 in. for V = Leuin. 
AL tobe 
Compute Xjo/Xro = 6 


wre 


Compute 
= 0.l cu 


| 
4 for = 


Compute 
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Enter Fig. 4 to find Xr) = 0.007. 
Compute L to be 14 in. 
Compute AL to be 0.11 cu in. 
Compute = 9. 
Inter Fig. 4 to find X79 = 
Compute L to be 11 in. 
Compute AL to be 0.09 cu in. 
Compute Xjo/X7o = 11. 

In Fig. 4, x70 is modified negligibly. 
ft for V = leuin. 
To check the phase angle, enter Fig. 5 with xs0/xX7r0 = a, and 

Xro = 0.005, to find 4 deg. 

Let f = 100 eps: 
= 61 (interpolation is necessary). 
First estimate from Figs. 6 and 7. 
Assume X;/Xr = 9. 
Enter Fig. 6 to find wh/C 
Compute L to be 1.5 in. 
Compute AL to be 0.011 in, 
Compute X;/X7r = 9.1 for V 


0.004. 


Therefore L = about | 


= 0.068 


= 91 for V = leuin. 
By Fig. 6, wl /C is negligibly modified for Vo = 0.1 eu in. 
Therefore L = 1.5 in. for V = 0.1 cu in. is our first estimate. 
For V = 1 cuin., we find again that an extremely small tube is 

predicted, so that the impedance of the entrance orifice will 


= (0.lcuin.: 


probably govern. 
For V 
0.01. 
From Fig. 7 we find that the phase lag is negligible. 
Compute X7o = 0.0009, from Equation |27] for w = 200 x. 
Enter Fig. 4 for Xjo/Xro = 9, to find cng &> = 1.00. 
Interpolating between | Eo./f = 1 at z = 6.25 and 
= 1.05 at z = 100 for z = 61, we find that | &, 
affected. 
Therefore L = 


= 0.l cuin.,and L = 1.5in., estimate (¥X79/16)'/? to be 


ko, 
is negligibly 


1.5 in. for V = 0.1 cu in. 
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Thermosetting and thermoplastic materials have been 
maintained under constant load at 25 C and 75 C for 
periods ranging from 1000 to 14,500 hr. Creep was meas- 
ured with electric strain gages and, from its course, an 
estimate has been made of the maximum stresses that can 
be sustained for 5 years by the thermosetting materials. 
Both creep and crazing govern the maximum stresses for 
the thermoplastics, and these have been estimated for 1 
year. An examination has been made of the accuracy and 
precision of the electric strain gage in measurements of 
creep. It is believed that the results are not confined to 
use in potential structural applications but have their 
greatest value in many current problems. 


INTRODUCTION 


VER the past 8 years more than a dozen papers have ap- 
peared on the creep of rigid plastics and yet our knowledge 
is far from complete. The common laminates have been 

fairly well covered, but tests on thermosetting products have not 
exceeded 1000 hr (1, 2, 3)* with one exception (4), and af the ther- 
moplastics only cellulose acetate and polymethylmethacrylate 
have been investigated (5, 6). It is the aim of this paper to pro- 
vide more information about the thermoplastic and thermosetting 
plastics.- 

Creep tests for plastics have usually been justified in the past 
for two reasons: (a) The results,were thought to be connected 
with fundamental physical properties. In the present paper this 
aspect will be neglected, although the physical chemist is not ex- 
cluded from making his own interpretation. (b) Plastics were on 
the threshold of light structural uses. Good creep data, of course, 
will always find use in structural design, but this study sas pur- 
sued mainly with the conviction that the results relate to many 
present applications. 

It is not generally recognized that two practical aspects of 
creep, namely, sustained stress and continuing deformation, af- 
fect so many common molded parts. Examples are fan blades re- 
sisting centrifugal stresses, material around metal inserts under 
stresses that have arisen from differential contraction, parts 
under stress from differential water absorption, objects bearing 
direct load (e.g., coat hangers and bottle caps screwed tight), and 
moldings shrinking under the influence of high ambient tempera- 
ture. Under such circumstances ¢reep may either change toler- 
ances or cause weakening and even fracture. The period of stress 
or deformation may easily be several years, and in order to avoid 
undue extrapolation from laboratory to field, the creep test here 
was usually continued 5000 hr while a few tests lasted 14,500 hr. 

Creep usually has been measured with optical devices except in 
one laboratory (1, 2, 3), where the Value of electric strain gages 


1 Research and Development Department, Bakelite Corporation. 

? Research Engineer, Bakelite Corporation. Jun. ASME. 

’ Numbers in parentheses refer to Bibliography at end of paper. 

Contributed by the Rubber and Plastics Division and presented at 
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Nore: Statements and opinions advanced in papers are to be 
undérstood as individual expressions of their authors and not those 
of the Society. Paper No. 49—A-61. 


Long-Time Tension and Creep Tests | 
of Plastics 


By C. E. STAFF,' H. M. QUACKENBOS, Jr.,? ano J. M. HILL," BLOOMFIELD, N. J. 


ia tf. 
has been demonstrated. Such a gage was preferred here because 


of its economy and simplicity. The reliability of an electric gage 
over a long period of time has been questioned, and a secondary 
objective of this study was to resolve this doubt. 


PROCEDURE 


The thermosetting materials examined were all commercial 
combinations of a filler and a two-step resin polymerized trom 
phenol and formaldehyde. The percentage and type of resin 
varied from one material to another. These materials were com- 
pression-molded. The thermoplastics were injection-molded with 
the exception of vinyl copolymer which was cut from sheet. 
Fifty bars of each material were prepared at the same time and 
kept at 25 C and 50 per cent RH until used; for periods ranging 
from 1 month minimum to 2 years maximum. 

The procedure for most creep tests was as follows: The speci- 
men bearing two SR-4 gages connected in series was put into the 
grips and hung in the rack. (These SR-4 gages, supplied by Bald- 
win-Southwark, have been described before, reference 1). The 
gages were balanced electrically, as shown by an SR-4 meter, 
against two other (‘“dummy’’) gages on a similar specimen, or on 
a steel bar, hanging nearby under no load. Specimens and clamps 
are shown in Fig. 1. Ten-point switches designed for use with 
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SPECIMEN 


Fic. 1 Specimens, One Grip ann Hook ror Loapine IN CREEP 


Tests 


thermocouples were found satisfactory in allowing several speci- 
mens and their dummies to be connected to the SR-4 meter in 
turn. Load was applied directly with iron or lead weights to a pan 
hooked to the lower grip. Ten 20-lb weights gave a stress of about 
3200 psi in the specimen. Strain was observed for each increment 
of load during loading, in order to determine modulus of elasticity. 
After loading, strain was observed every one, two, or three days, 
depending on the duration of the test. Elastic and delayed recov- 
ery on unloading were also observed when desired. 

Two ambient conditions were maintained; 25 C and 50 per 
cent RH in a conditioned room, and 75 C and uncontrolled low 
relative humidity in an ordinary air-circulating oven. Holes were 
drilled in this oven, and it was supported so as to surround only 
the specimen and grips. The weights and frame were outside. 
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At 25 C and at 75 C the dummy gages were cemented to a speci- 
men resembling that under test. Such a practice is supposed to 
eliminate fluctuations arising from minor variations in tempera- 
ture. At 75 C, in addition, the dummies were carried on steel 
bars. 


Tensile tests were made at 25 C and 75 C in a testing machine, 
and strain to failure was measured usually with a mechanical ex» 
tensometer at 75 C and SR-4 gages at 25 C. The specimens for 


tensile tests at 75,C were first exposed for 100 days at that tem- 
perature. Details of procedure appear in the Appendix. ~ 
DIscUSSION 


Creep of Thermosetting Materials. 
value when they are linear and so can be extrapolated if wished. 


Creep curves are of most 


Four of the six materials tested at 25 C followed a course that was 
linear on logarithmic co-ordinates. These four had fillers, re- 
spectively, of woodfiour, ‘floc, kraft paper, and fabric. Two of 
them are illustrated in Figs. 2 and 3. Note that the ordinate is to- 
tal deformation, the sum of the initial elastic deformation, which 


occurs immediately on loading, and creep which accumulates with 
time. 

With a filler of asbestos, the creep curve eventually becomes a 
an straight line on rectangular rather than logarithmic co-ordinates, 
Fig. 4. When the filler is mica, the creep is so small, Fig. 5, that jt 
might be interpreted as linear on almost any kind of plot. 

The original points usually have been omitted, in order to make 
the diagrams more effective. The points were first plotted on rec- 
tangular co-ordinates and the best smooth curve was drawn 
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: 4 (Strain shown includes initial elastic deformation which was 0.078 per cent 
per 1000 psi. Lines not straight in this and in Fig. 3 are dotted ) 
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AND PHENOLFORMALDEHYDE RESIN 


(Not shown are two tests at 4450 and 4830 psi which ended in failure in 1-3 

days with total deformations of 0.42 per cent and 0.44 per cent, respectively. 

Strain shown includes initial elastic deformation which was 0.067 per cent 
per 1000 psi.) 


JULY, 1950 


STATIC STRAIN ¢ O18% 


05 


| 
2000 3000 OURS 

1 

100 200 250 

DAYS 
bic. 4° Creep at 25 C ror COMBINATION OF ASBESTOS AND PHENOL- 
FORMALDEHYDE KEsIN 
(Strain at zero time represents initial elastic deformation.) 


_ 
| 2850 PSI | | 
—— 2030 PSi_|i220 


hic. 5 Creep at 25 C ror ComMBInaTion oF Mica anv PHENOL- 
FORMALDEHYDE RESIN 


Where the 
co-ordinates dre rectangular, the diagrams in this paper show this 


through them, as illustrated for one curve in Fig. 4. 


curvé alone, and where logarithmic, the few points shown have 
been taken from this original curve. 


At 75 C creep and shrinkage go on together. Creep itself is , 


measured by comparing the stressed specimen with an unstressed 
one at the same temperature. Figs. 6 and 7 show the same tend- 
ency to linearity as at 25 C.* The net strain was given by refer- 
ence to a-steel bar at 74°C, and shrinkage was taken as creep 
minus net strain. Shrinkage itself follows a linear course on a 
semilogarithmic plot, Fig. 8, and was found independent of stress, 

In introducing the subject of creep, it was mentioned that con- 
tinuing deformation is of practical importance. Figs. 2 to 7, in- 
clusive, inform us of deformation under stress, and Fig. 8 is of 
interest in connection with operation at an elevated temperature 
under no stress. Ail the lines may be extrapolated to longer 
times if wished. ° 

Sustained stress is also of importance, and one often wishes to 
know the maximum stress that can be borne without failure for, 
say, 5 years. In this connection consider Fig. 3. Four tests 
ended in failure in a period of 180 days, and in each the total de- 
formation (elastic plus creep) was somewhat in excess of that 
measured in failure in the short-time tensile test. A similar tend- 
ency at 25 C was noted in Fig. 2. At 75 C one failure for each of 
three materials occurred at the corresponding level of deforma- 
tion. ‘ 
Thus the 5-year strength is established by finding a stress such 
that the creep line extrapolated to 5 vears does not quite reach 
the level of tensile breaking strain. Strengths predicted in this 
way are presented in Table 1. The estimates are conservative, 
especially at 75 C where the creep data are rather incomplete. © 

In order to fortify these predictions, one specimen of each ma- 
terial was kept loaded for 19 months (14,500 hr) at 25 C, Fig. 9. 
The woodflour and asbestos miterials, under higher stresses than 
those predicted, almost reach the dangerous levels, and the lower 
stresses of Table 1 are more appropriate. The others withstand 
comfortably the predicted stresses. . 

There are two points of practical importance about these long- 


‘time strengths; (a) they are quite low in relation to the tensile, 


strengths, (6) they hold only for unnotched specimens: If a 
sharp notch (or equivalent) is present in the specimen or in a 
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(Strain shown includes initial elastic deformation, -which was about 0.098 per 
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Creep Tests Lasting 14,500 Hr vr 25 
THERMOSETTING MATERIALS 
(Elastic deformations as in Figs 
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molded object, the figure should be divided by the “notch sensi- 
tivity’ of Table 1. 

A quantitative relation between creep and stress is usually of 
interest. [t is remarkable that one equation covers the four ma- 
terials having fillers of woodflour, fabric, paper, and floc, namely 


logy ( ) = 0.103 logit + 0.713 
where t = time, hr 
€ = per cent strain (elastic plus creep) 
x 10° 
o = stress, psi 


Within +20 per cent, this line describes the results for Figs. 2, 3, 
and 9, and for the data not illustrated for the flock and paper fillers 

at four stresses for each, ranging from 1180 to 2750 psi main- 
tained for 2500 to 5000 hr. The exceptions are the three curves in 
Figs. 2 and 3 that are not linear, and the curve which begins to 
curve upward at longer times. 
times less than 50 hr. 


The equation is not valid for 

At 75 C a similar equation correlates the results except that 
creep is about 1.5 times greater at any given time. The results 
are more scattered, reflecting some instability of the electric cir- 
cuit at that temperature. 

In several papers, one of Findley’s, for example (5), appear 
For four materials 
here, Equation [1] can be manipulated, in conjunction with the 
constant level of critical breaking strain, to demonstrate that 
such a graph would be linear on logarithmic co-ordinates. 


graphs relating stress versus time to fracture. 


Relaxation, or the decline of load necessary to maintain con- 
stant strain, is sometimes of interest. 
creep the greater the relaxation. 


Usually the greater the 
A closer connection has not 
been evolved except for thermoplastics under high temperature 
One relaxation curve is shown in Fig. 10. 

No extensive measurements were taken of creep recovery after 
unloading. Instantaneous elastic recovery at 25 C is equal to the 


FABLE | PREDICTED LONG-TIME (5-YEAR) TENSILE STRENGTHS OF PHENOL-FPOR MAL- 
DEHYDE MATERIALS 
25C ——- 75C 
Tensile Tensile 5-year Notch Tensile Tensile j-year 
strength, modulus strength, sensi- strength, modulus, strength, 
. Filler psi psi X 10-* psi tivity psi psi X 10% psi 
Woodflour 7800 1.28 2000 2.0 8000 1.30 1200 
Asbestos ee 4400 2.47 1500 1.7 4800 2.3 
Chopped kraft paper... . 7700 - 1.42 2700 - 1.3 6500 1.39 1200 
Macerated fabric we 5600 1.49 2000 1.0 5600 1.45 1200 
Cotton floc 7500 1.40 2700 1.4 6100 1.48 1200 
Mica 5700 4.5 2000 1.3 6000 ; 


sensitivity is-the ratio of the breaking load in flexure 


face. 


Note: Products are commerciak Type and content of resin varied. They were all virtually linear to 
failure in tension and strain to failure can be found by dividing strength by modulus of elasticity. 


for a bar 0.5 in. deep containing the standard AST 
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Fic. 10) Strain—at 25 C or a THERMO- 
SETTING MATERIAL W1TH A FIL_er or Krarr Paper 
(Initial stress was 2400 psi.) 


original elastic deformation. In thirteen instances the difference 
between these two elastic deformations averaged 0.004 per cent 
only. After the usual exposure to 75 C for 1 hr before a creep test 
*was started, the modulus of elasticity was about 20 per cent lower 
than at 25 C. The instantaneous recovery on unloading after 
several hundred hours at 75 C was always lower than the initial 
elastic deformation, because the modulus had risen about 20 per 
cent in that time. 

Few other results exist for comparison. The several materials 
exposed for 1000 hr by Telfair, Carswell, and Nason (1), and the 
one material for several thousand hours by Findley (4) resemble 
the ones in this paper. The curves are not linear on rectangular or 
semilogarithmic co-ordinates but might become linear on loga- 
rithmic co-ordinates. The creep deformation is of the same order 
The several authors of the one paper predict, by a procedure not 
“stress below which no practical danger of failure 
exists.” The predictions agree with those of Table 1. In spite of 
. this apparent success of forecasts based on 1000 hr, it is suggested 


described, a 


that a new material be run at least 5000 hr. Lower times might - 


be sufficient for a product resembling quite closely one already 
tested. 

It has been suggested (2) that elevated temperatures promote 
further curing and hence shrinkage in molded thermosetting 
specimens. Another possibility is that such shrinkage is con- 
nected with the loss of water by diffusion. Under conditions when 
further curing is probably absent (vacuum desiccation at 25 C), a 
woodflour-filled material shrinks about 0.20 per cent for each per 
cent of weight lost. 

Measurements of the w eight for a woodflour material at 75 C 
showed a loss of 2.4 per cent at 250 hr. At 1000 hr the loss 
reached 3 per cent and remained constant for longer times. If 
these losses are assumed to be all water, they are far too large to 
account for the shrinkage observed, assuming a shrinkage of 0.2 
per cent for each per cent lost. It is not permissible to assume 
that other volatiles were lost and that the water alone would ac- 
count for the shrinkage, because shrinkage continues after 1000 
hr, although weight loss ceases. It is probable that shrinkage at 
75 C is caused both by loss of water and by further curing. 

Creep of Thermoplastics. The curves relating deformation and 
time generally become linear when plotted in the same way as 
the thermosetting materials, Fig. 11, 12, and 13. The cellulose 
plastics are exceptions, and their curves are shown on rectangular 
co-ordinates, Fig. 14. A comparison of creep alone for several 
thermoplastics is given in Fig. 15. 

The data are not comprehensive enough to slew stress to be 
correlated with creep as in Equation-[{1]. Judging from results at 
two stresses, deformation increases out of proportion to stress. 
Temperature has a tremendous effect on creep. For example, be- 
tween 24 hr and 2400 hr, polystyrene creeps 0.6 per cent under 
3600 psi at 25 C, and at 75 C creeps the same amount under 400 
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The ratio of nine (3600/400) for polystyrene is lower for the 
other styrene polymers. 

Several thermoplastics differ from other thermoplastics, and 
from thermosetting and laminated products, in that they can 
soon exhibit crazing or internal cracking under sustained load. 
Such crazing promotes premature failure. For example, polysty- 
rene under 1800 psi at 25 C exhibits quite low creep, Fig. 11, and 
yet separation into two parts occurred in one test after 5700 hr. 
At a lower stress, 1200 psi, there is no danger of failure under 
10,000 hr but definite craze marks were observed in 5 to 10 days. 
The user of polystyrene probably would feel uneasy or dissatis- 
fied if craze marks did appear, and their appearance can be con- 
sidered as defining failure. 


psi. 


This phenomenon of crazing under stress was observed with 
polystyrene from several sources, with annealed polystyrene, 
with a copolymer of styrene and acrylonitrile, and with polychlor- 
styrenes. Crazing occurred when SR-4 gages were not applied 
and therefore it cannot have arisen because of chemical attack by 
the.cement. There was no crazing under the low stresses used at 
75 C, and a limiting deformation provides the criterion of failure, 
as described in the following. 

Crazing was not observed at 25 C with the cellulose plastics, 
with “Vinylite” (a copolymer of vinyl chloride and vinyl acetate), 
or with polymethylmethacrylate. (Under, 3600-5400 psi the last 
was found to craze by Chasman, reference 6. The stresses exceed 
those suitable for enduring use.) With these plastics that do not 
craze, the deformation to failure, whether in a short or a long 
time, is much in excess of | per cent. a deformation of 
1 per cent is usually the acceptable limit. A bar 8 in. long and 0.5 
in. X 0.5 in. in section when clamped at one end would deflect 0.8 
in, at the other if the load there caused a strain of 1 per cent at 
the clamped end. Accordingly, the long-time strength will be 
such that the total deformation does not exceed 1 per cent. At 75 


However, 


C the proper curves to which this criterion should be applied are 
those representing net deformation (total deformation minus 
shrinkage). 


However, there is so little knowledge of behavior at 


TABLE 2 


**Medium"™ 
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* would crack most readily around inserts, 


PREDICTED LONG-TIME (ONE YE 
THERMOPLASTICS 


25 C— — 75C 
Tensile Tensile Strain One-y ear One-year 
strength,. modulus, to failure, strength, strength, 
Material psi psi X 10 * % psi psi 
Poly «A 7500 0.48 2.1 800 250 
Poly monochlorsty ee 9500 0.52 2.5 1200 400 
Polydichlorstyrene.. ....°... 5900 0.60 1.0 1500 400 
Styrene-acrylonitrile 9100 "0.43 2.2 1500 560 
Cellulose acetate® 5 6700 0.35 , 5.5 600 
Cellulose acetate-butyrate*. 3900 0.16 9.5 on 
00 
Polymethylmethacrylate’..... 10100 0.43 4.2 2000 


* Properties can vary with the mode of preparation. 
cellulose acetate and cellilose acetate-butyrate were used here. 


75 C that a factor of safety will be applied by considering total 
deformation. 

With the criteria of failure discussed in the foregoing, one can 
estimate long-time strengths. The data are less thorough than 
those for the thermosetting materials, and the predictions of 
Table 2 are for 1 year. The estimates are conservative. With poly- 
methylmethacrylate at 25 C and polystyrene at 75 C, there are 
no creep data at the estimated stresses, and the very rough ap- 
proximation was used that total creep is proportional to stress. 

The results of Table 2 may be discussed in several ways, Ther- 
moplastics often have a higher tensile strength but are less satis- 
factory for service under enduring stress than thermosetting ma- 
terials, The heat distortion temperatures (ASTM D648-45T) for 
the four polymers of styrene are polystyrene, 83 C, copolymer of 
styrene and acrylonitrile, 92 C, polymonochlorstyrene, 100 C, 
polydichlorstyrene, 106 C. Evidently these values are a poor re- 
flection of the serviceability at 75 C indicated by creep tests. 

The problem of cracking around inserts may be analyzed. 
When a piece containing an insert cools after molding, stresses 
arise because the plastic shrinks more than the metal. At room 
temperature a stress will be present of a magnitude depending on 
the temperature at which the plastic becomes rigid and on the 
coefficient of expansion. With the four styrene polymers of Table 
2, the coefficient of expansion falls as softening point rises in such 
a way that the expected stress is about the same for all. Their 
tendency to crack around inserts will be governed, therefore, by 
their long-time strengths at 25 C. polystyrene 
There has been some 


Accordingly, 


practical confirmation of this. 

The reason for the shrinkage of thermoplastics at 75 C is not 
known. The loss in weight of the styrene polymers is quite small, 
It reaches 0.1-0.5 per cent at 100 hr and remains constant for 
longer times. Coiling of the polymer chains probably accounts 
for shrinkage at 75 C, 

Reliability of SR-4 Gage. Popular suspicion still attaches to the 
measurement of creep by electric strain gages. There are ques- 
tions as to the reliability of the bond between the specimen and 
the gage, and as to the constancy of the electrical circuit over a 
period of time. Tne following experiments were designed to re- 
solve the doubts. 

The creep of a vinyl copolymer under 1560 psi at 25 C was meas- 
ured simultaneously by dial gages, reading to 0.0001 in., and by 
SR-4 gages cemented with “Duco” cement. 
from a sheet 0.1 in. thick was made long to increase the accurac y 
of the dial gages. These gages were supported by the testing 
frame and were held against the edge of the specimen by the 
spring of the gage, contact being confined to a small area by means 
of clips, Fig. 16. The use of two dial gages eliminates any effect 
arising when the specimen shifts slightly in the upper grip or jaw. 
The SR-4 gages were applied on both sides in two locations to give 
a mean result. The creep shown by the SR-4 gages is lower than 
that given by the dial gages, Fig. 17. 

Part of the discrepancy in Fig. 17 may arise because the elec- 


The specimen cut 
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tric gages actually stiffen the material in their neighborhood, 
After the creep experiment the central portion of the specimen in 
Fig. 16 was cut out ‘und pulled in tension. The electric gages and 
mechanical extensometers applied to spar them showed 15 per 
cent less elongation at a given load than mechanical extensometers 
outside the region covered by the electric gages. This means that 
of the 103 lb applied in the creep test,-15 per cent or 15.5 Ib are 
earried by the SR-4 gages and only 87.5 pounds are taken by the 
adjacent vinyl copolymer. Outside the sections covered by 


16 oF CREEP BY ELectrRic Diat Gaces 
on A Piece or Vinyuite, 0.1 In. THick 


GAGE 
AGE GORRECTE 


ELECTRIC 


800 200 
HOURS 
hia. 17 Creer or Vinyiire at 25 C Unper 1560 Pst AccorpING To 
Two Kinps or Gace 


(Initial elastic deformation was 0.248 per cent according to the electric 
gages.) 


the electric gages, the total load is of course borne by the plastic. 
In partial confirmation, one SR-4 gage (coated with Duco ce- 
ment) when loaded by itself needed about 4 Ib to register the ini- 
tink elastic deformation of 0.248 per cent. 

When creep starts, the load carried by the plastic may continue 
to be 87.5 lb or may change according to-the way in which the 
SR-4 gage and the bond creep under their portion of load. Under 
the 4 Ib just noted, the gage was found to creep (determined by 
readings on the SR-4 meter) more rapidly at first than the vinyl 
copolymer in Fig. 16, but after 72 hr settled down to approxi- 
mately the same rate. When loaded with 7.75 Ib (15.5 for two 
gages) the creep was much more rapid. It is uncertain whether 
we should prefer the load of 4 lb and the proper initial deforma- 
tion of the gage, or the 7.75 lb which corresponds with the proper 
stiffening. It will be assumed that not only during initial loading 
but also during creep the plastic carries only 87.5 Ib, and the ad- 
jacent gages 15.5 |b. 


Therefore the creep curve using electric gages may-be corrected, 


for stiffening by multiplying all ordinates by 103/87.5, where 
creep is assumed proportional to stress. The corrected curve in 
Fig. 17 is still low, but it is fair to say that the electric gage gives 
a good indication of the actual creep in its area. 

With several thermosetting specimens '/s in. thick, tensile 
loading was applied with and without electrical gages in the sec- 
tion spanned by a mechanical extensometer. For duplicability it 
was found necessary to apply the extensometer to each edge in 
turn rather than to the face of the specimen. The stiffening effect 
was 11 per cent with fillers of woodflour, floe, and asbestos. The 
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creep of these materials is comparatively low so that the 89 per 
cent of load borne initially by the specimen tends to increase dur 
ing creep. If this is neglected the creep curves are about 11 per 
cent low. . . 


It is easy to show theoretically that the percentage stiffening’ 


effect of the gages should be inversely proportional to the stiffness 
of the specimen (cross-sectional area X modulus of elasticity). 


. On’ this basis the stiffening effect for the thermosetting products, 


predicted from the 15 per cent for the vinyl copolymer, should be 
4-6 per cent instead of the 11 per cent observed. This theoretical 
relation brings out that the thinner the specimen the greater the 
stiffening effect. It is not proper to measure creep on plastic speci- 
mens much under 0.10 in. thick. (Further, high sustained 
strains much exceeding 1 per cent probably cannot be measured 
reliably.) . 

The constancy of the electrical circuit over a period of time may 


. be estimated by a method suggested by Tschebotarioff (7). Two 


pairs of electric gages are affixed to opposite ends of a steel bar, 
Fig. 18. A first reading is taken with the pairs connected in one 
way to the SR-4 meter (A — 1, B — 2) and a second with the 


pairs interchanged (A — 2, B — 1), by means of switches. The 


STEEL BAR 


SR-4 METER aS 
Fig. IS) Measuring Variasiniry or Evecrric Crrevrr 


meter has been simplified to make the whole circuit «a Wheatstone 
bridge. The same process is repeated daily. Typical readings 
are as follows: 
First Second 
reading A reading a: 
Feb. 1 -112 0-940 


Feb. 2 “40 0-980 +40 40 0 
Feb. 3 50 0-950 +10 30° 20 ° 


Now two kinds of changes occur from day to day in the circuit 
in Fig. 18. The first is in the circuits of A and B, whether in the 
leads or switches (gages assumed to remain constant). Let it be 
a. It appears always as the difference between the changes that 
have occurred in A and B. The second change takes place in other 
parts of the circuit, for example, in the fixed resistance XY, Let it 
be x. . Therefore 


(2 | 
[3] 


where the deltas have the meanings in the foregoing tabulation. 
Hence 
r= (A; + Ac), anda = '/s (A; — As) [4] 
The changes z, in the “permanent” part of the circuit for a period 
exceeding 2 years are shown in Fig. 19. Generally these fluctua- 
tions, expressed as strain in microinches /in., are not large, although 


no spe 
accoul 
A and 
in swi 
of the 
as sho 

The 
the in 
a peri 


No 
a steel 
at 75 | 
that v 
did ne 
clude 


l 
T. 8S. 
1944, | 


Tempe 
22, M: 

Melan 
Adam: 


Moder 
Augus 

Stress 
pp. 14 

7 
Time, 
1946, | 


As | 
been f 
the ‘pe 
tude o 
the be 


. than 


bond i 
with 
solutic 
forma 
for sm 
adhesi 
prying 
hand. 
measu 
visab} 


| 
— | 

| | 
| 


no special precautions were taken. In the foregoing argument no 
account was taken of changes that may occur in the switches when 
A and B are interchanged in the bridge circuit. Such variations 
in switching are part of the changes in the permanent portion 
of the circuit. Usually, they are quite small (+10 microinches /in., 
as shown by repeated switching). 

The changes a, may vary according to whether the changes in 
the individual circuits A and B happen to add or subtract. Over 
a period of 2 years they were usually +50 microinches /in. 


1947 


VARIABILITY OF PERMANENT Part or Evectric Crrevir, 
EXPRESSED IN MICcROINCHES 


Fic. 19 


No check was made of reliability at 75 C. In another paper (1) 
a steel bar, carrying the AB gage recommended for measurements 
at 75 C (see Appendix) was bent beyond the elastic limit and held 
that way for one month at 75 C. 
did not change in that time, and the bond and circuit were con- 
cluded to be good. 
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Appendix 


As an adhesive for electric strain gages, ‘“‘Duco’’ cement has 
been found satisfactory at 25 C for most common plastics except 
the polymers of styrene. The Duco cement produces a multi- 
tude of tiny superficial cracks in these. Such crazing is slight and 
the bond with the gage is good for the polymers of styrene other 

. than polystyrene. With polystyrene the crazing is bad and the 
bond is firm only for a few days.* Three.cements that are effective 
with polystyrene are a solution of polyvinyl acetate in acetone, a 
solution of polystrene in benzene and cold-setting glue (resorcinol- 

formaldehyde) normally used for wood. The latter is good only 
for small strains up to 1 per cent. When the adhesive is dry, the 
adhesion should be good enough to allow the gage to withstand 
prying with the fingernail and flexing of the test specimen by 
hand. If the gage is firmly attached it will usually give a proper 
measurement of creep. If the result is unexpectedly low it is ad- 
visable to check it with a gage bonded with another adhesive or 
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The reading on the SR-4 meter. 
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with dial gages. Finding that initial elastic deformation and in- 
stantaneous recovery after creep are equal is no assurance of the 
bond; it happened with a gage cemented to polystyrene with an 
aqueous emulsion of polyvinyl acetate whereas the creep under 
1800 psi at 25 C appeared to be slightly negative. 

For measuring strain-at 75 C the special AB gages were applied 
to the thermosetting specimens. These gages have a special back- 
ing and are cemented with a thermosetting glue that must be 
baked at 100 C. Such a baking cycle rules them out with thermo- 
plastics and so cold-setting glue or Duco cement was used with 
the ordinary paper gage. The results so obtained were judged re- 
liable because the strains with gages affixed in this way to a ther- 
mosetting specimen agreed with those shown by AB gages on the 
same specimen up to 1000 hr. At that time the paper gage is 
Between 1000 and 3000 hr the two curves di- 
verge slightly and the charring becomes serious. 

Apart from having the SR-4 gage well cemented, only the fol- 


somewhat charred. 


. lowing precautions need be observed: 


1 At elevated temperatures the dummy must be renewed for 
each test because it shrinks. 

2 Switches should be cleaned every one or two weeks with « 
solvent and sandpaper to maintain fresh contacts of negligible re- 
sistance. 

3 In the portable SR-4 meter, the enclosed batteries are smal! 
and they may be replaced advantageously with larger, more en- 
during batteries outside the meter. The sensifivity of the meter 
falls rapidly as the batteries become exhausted. 


Discussion 

James Battey.‘ The fact that the authors’ specimens broke 
at unusually low stresses and that the cracks started in the inte- 
rior of the injection-molded test specimens, indicates that the 
specimens had an inside portion which was under an initial ten- 
sion due to thermal strains. 
nealed might show substantially higher long-time strength. Were 
the test specimens annealed? 


Test specimens which had been an- 


Harry Majors, Jr.° The authors have included as a third 
part of their paper the reliability of a bonded-wire resistance 
strain gage over long periods of time. It is to be noted that they 
do not mention what method was used for waterproofing the ac- 
tive gage and the dummy compensating gage. For precision work 
some system of waterproofing is desirable even though the labora- 
tory conditions are fixed. Zero drift usually accompanies absorp- 
tion of moisture which is due to the effect between that of the 
dummy:-compensating gage and the active gage. 

A method of determining the constancy of the SR-4 strain indi- 
eator as used by Mr, Ruge and Mr, Tschebotarioff is explained in 
the paper. It would have been interesting if the method had been 
extended to determine the constancy of the wire resistance gages 
mounted on a similar test specimen as the specimen under the 
creep test, but maintained at ‘zero stress’ near the active speci- 
If this had been carried 
out using wire gages from the same lot and adequately water- 


men throughout the total time of testing. 


proofed, one would have a measure of the constancy of the active 
measuring gages as well as that of the SR-4 strain indicator. 

Fig. 16 of the paper is in conflict with the results in Fig. 17. 
The dial gages measure not only the uniform strain in the speci- 
‘men, but also the increase in strain due to the stress concentration 
at the fillet. One would have been more satisfied if the dial gages 

* Vice-President and Research Director, Plax Corporation, Hart- 
ford, Conn. 


5 Director, Engineering Experiment Station, University of Ala- 
bama, University, Ala. 


~ 
: 
ON 
5 
» 
af wk 
hy 
~ 
~ 
| 
> 


704 


were arranged so as to measure the strain in the straight section 
only, and if the wire gages had been moved just a bit more toward 
the center. 

This paper is a further contribution to the correct technique in 
applying wire gages to the study of plastics. 


‘AuTHORS’ CLOSURE 


The answer to Mr. Bailey is that the results are for thermo- 
plastics that were not annealed. However, when polystyrene 
was found to craze at such low stresses, several fresh specimens 
were annealed and submitted to a sustained stress of 1500 psi. 
Crazing was observed to appear to the same extent as for speci- 
mens that were not annealed. The annealed specimens were 
free of residual stress according to’Mr. Bailey’s test (no cracking 
of the specimen when drilled with holes of '/,. in. diam and im- 
mersed in kerosene). 

Although Mr. Majors commends waterproofing we did not use 
it atall. In the first place it seemed unnecessary, in a laboratory 
maintained at constant temperature and humidity, for the degree 


of precision needed, and second we wished to avoid complications . 


that would deter routine groups from considering this method. 
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The changes a discussed in the paper include any effects of 
humidity on the gages and leads. In regard to these changes a 
and the changes x we seem to have induced a misunderstanding. 
The changes a (+ 50 microinches/in.) include changes in the sensi- 
tive wires of the gage and in the leads and in the switches outside 
the SR-4 meter. While these changes were measured for gages 
on a steel bar they should apply equally well to the active or 
dummy plastic specimens. Perhaps Mr. Majors is considering 
changes that we neglected; for example, two ends of a molded 
bar may gain or lose very slightly different amounts of water in 
attaining equilibrium with the ambient air, and in consequence 
may undergo a very slight differential change. This would show 
up in his proposed extension of the method to a plastic dummy 
but would not appear in our estimates of a. Fig. 16 is a pictorial 
representation prepared by a draftsman. The electric gages 
were actually close to the center of the specimen. The dial 
gages unavoidably measured the extension of a uniform 12-in. 
length and the extensions of two flared areasof smalleffectivelength. 

Even a large error in an estimate of these effective lengths 
would hardly affect to + 5 per cent the over-all length to be used 


in reducing the extension to a strain. 
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Accelerated-Cavitation Research 


The cavitation-pitting tests described in this paper were 
made with an accelerated-cavitation machine of the vibra- 
tory type. An attempt was made to solve some of the 
phenomena of cavitation by varying the amplitude of 
vibration, by varying the depth of submergence of the test 
specimen in the test liquid, and by using alkalis, acids, 
and oils for the test liquid. Other tests were made to de- 
termine the relative resistance to pitting of recently de- 
veloped materials and techniques for applying these 
materials. Results showed that accelerated-cavitation 
tests can be used to determine some of the mechanics of 
cavitation, as well as to indicate that some of the newly 
developed materials might be suitable for use on hydraulic 
machinery under operating conditions where cavitation 


N accelerated-cavitation machine of the vibratory type 
A was constructed by the Research Laboratory of the 
author’s company in 1948, and was placed in operation in 
September of.that year. It has been in continuous use ever 
since for making hundreds of tests on a large variety of materials 
to determine their relative resistance to cavitation and has also 
been used for investigations of some of the phenomena of cavita- 
tion and pitting. 

These tests supplement the accelerated-cavitation tests made 
during the years 1934 to 1937, by J. M. Mousson (1),? and 8. 
Logan Kerr (2), who tested almost all of the materials available 
at that time which were suited for use on hydraulic machinery. 
The development of new materials and new techniques for the 
application of materials since 1937, some of which have unusually 
high resistance to pitting or other advantages when used where 
cavitation occurs, indicated the necessity for continuous research 
of this type and resulted in the construction of the accelerated- 
cavitation machine described in this paper. 


History or CAVITATION 


The following is a brief history of cavitation and the problems 
which brought about the development of accelerated-cavitation 
machines. 

Cavitation as used throughout this paper is defined as the 
formation of voids within a body of moving liquid (or around a 

*body moving in liquid) when the particles of liquid fail to adhere 
to the boundaries of the passageway. This occurs when there 


is insufficient internal pressure to overcome. the inertia of the- 


particles-and force them to take sufficiently curved paths along 
a boundary which has a change or a variation in shape. 

Cavitation affects the operation of hydraulic machinery in 
various ways. It can cause a loss of power and efficiency by in- 
creasing resistance to flow. It can produce noise and vibration 


1 Assistant Manager, Hydraulic Department, Allis~-Chalmers Manu- 
facturing Company, Milwaukee, Wis. Mem. ASME. 

? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Hydraulic Division and presented at the Annual 
Meeting, New York, N. Y., November 27—December 2, 1949, of Tue 
AMERICAN Soctety MecHANIcaL ENGINEERS. 
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Society. Manuscript received at ASME Headquarters, December 8, 
1949. Paper No. 49—A-140. 
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i. 
and it can produce pitting which is defined as the actual erosion 
of material subjected to cavitation. 

The phenomenon of cavitation was anticipated as early as 
1754 by Leonhard Euler (3) in his theory on hydraulic turbines, 
when he noted that an insufficient pressure in a perfect liquid can 
cause a divergence between theory and ‘experiment and can result 
in zero resistance. 

Some of the practical aspects of cavitation were first noted in 
connection with ship propellers operating at high speeds. Sidney 
W. Barnaby and Mr. Thorncroft, in a paper presented to The 
Institution of Civil Engineers in London in 1895, mentioned the 
occurrence of a new phenomenon during propeller trials of HMS 
Daring (4). They noted the formation of cavities in water which 
tended to become filled with water vapor. This condition was 
held responsible for waste of power and other difficulties. About 
the same time Charles A. Parsons (5) verified this by tests on the 
steamship 7'urbinia where loss of power on the first steam-turbine- 
driven propellers was traced to cavitation. 

The first recorded indication that cavitation produced erosion 
or pitting of materials was in an article published in 1907, by 


” W. Wagenbach (6), in which he described how the Francis turbine 


runners of the Jaice hydroelectric works in Bosnia failed after a 
few weeks of operation in 1890. The runners were so badly 
eroded by cavitation that they had to be replaced. After this 
there were numerous reports of pitting, both on hydraulic turbine 
runners and on ship propellers. 

However, the wide variation in the resistance of different 
materials to pitting is a phenomenon that was first discovered 
during the 1920’s. It is probable that prior to this period some 
engineers may have suspected such variations but there is no 
record of any published information on actual comparative tests. 

J. Ackert, in his handbook published in 1926 (7), reported the 
relative resistance of cast iron, cast steel, and bronze to erosion or 
pitting. 

In 1924 a cast-iron Francis runner with 15 patch plates of various 
types of materials fastened to the back sides of the runner blades 
near the discharge edge was installed at the Isle Malign Plant 
in Quebec. An inspection of this runner after 3!/; years of opera- 
tion showed that patch plates of stainless steel resisted pitting to a 
remarkable degree as cornpared to the cast iron in the runner, 
and as compared to other materials used in the remainder of the 
patch plates. About this time similar experiments with various 
materials, including stainless steel, were being made on hy- 
draulic-turbine runners in a number of other power plants. 
However, it was soon realized that placing different types of 
material in a hydraulic turbine and then waiting a number of 
years for an answer was not a very satifactory method of deter- 
mining the degree of resistance to pitting of these materials. The 
time interval was entirely too long, and there was no satisfactory 
method for comparing materials tried in one turbine with those 
tried in another. 

Therefore, starting about 1932, several types of machines were 
developed which were capable of producing accelerated cavita- 
tion whereby the resistance of various metals to pitting could be 
determined accurately under laboratory control within a reasona- 
ble period of time (8). 

The earlier machines used the principle of passing water at a 
high velocity through a restricted area, followed by a sudden 
enlargement. This was known as the Venturi-tube type of | 
machine. 
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In 1935 Dr. J. C. Hunsaker and Dr. H. Peters of the Massa- 
chusetts Institute of Technology, developed the vibratory 
~ method of accelerated cavitation (9, 10). This is the method 
used for the tests described in this article. 
CaviTaTION MACHINE 
Fig. 1 shows a schematic layout of the vibratory type of 
-accelerated-cavitation machine. Figs. 2 and 3 are views of the 
~ machine as originally built for temporary use, when only a few 


tests were being planned. However, the results of the tests ° 


were so revealing, so many new materials were being developed, 
and so many new ideas on the phenomena of cavitation were 
_ being advanced, that the machine has been ip constant operation 
_ from the day it was completed. Since many additional tests are 
scheduled for this machine which may require several years to 
complete, it is being rebuilt in more permanent form, with cabinets 
for housing all of the electrical equipment, and with a neater 
_ arrangement of supports, connecting wires, and auxiliaries. 
The apparatus follows the general description by 8. Logan Kerr 
2). It consists of a vacuum-tube oscillator which produces an 
alternating magnetic field through the nickel tube. When the 
frequency of the magnetic field is the same as the natural longitu- 
dinal frequency of vibration of the nickel tube, the tube will vi 
brate at maximum amplitude in the longitudinal direction. 
The test specimen, Fig. 4, is attached to the end of the tube and 
_ immersed in the test fluid.to a depth of '/,in. Since the test fluid 
heats rapidly during a test run, the beaker containing the test 


- fluid is set in a running-water bath to maintain a constant tém- 
: perature of 76 plus or minus 1 F. 

Since the frequency and amplitude of vibration of the test 
specimen have considerable effect on the rate of pitting, pro- 
visions are made to control these quantities at all times. The 
frequency of course is determined by the length of the nickel 
tube. The vacuum-tube oscillator circuit is tuned to the natural 
frequency of the nickel tube. All tests are made at a frequency of 
6500 cycles per second (cps), this being the natural frequency 
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of vibration of the nickel tube 12 in. long, with test button ut- 
tached. 

An electric strain gage is attached to the nickel tube to measure 
the amplitude of longitudinal vibration. It is calibrated at fre- 
quent intervals by measuring the actual movement of the test 
specimen by means Of a stroboscopic light and a microscope with 
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micrometer scale. All tests are made with an amplitude of vibra- 
tion of 0.0034 in. In this paper the amplitude of vibration refers 
to the total travel of the test specimerf. The criterion for rate 6f 
pitting is the loss of weight of the test specimen. 
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As a check on the relative performance of the vibratory ma- 
chine, it was decided to use a brass test specimen as a standard to 
be tested at frequent intervals. By comparing the rate of pitting 


Oss 


/ 


of the various standard specimens, any serious deviation in the 


At first, east bronze was used for this purpose. However, it 


mediately. 
— 
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relative performance of the apparatus becomes apparent im- a ' 
a 


crease in weight during the first 30 min of testing. The standard 
test specimen was then changed to rolled brass, ASTM Specifica- 
tions’ B-16-44, which gave satisfactory results. 


was found that, this material would pick up water and actually in- t 


Fic. 5 Loss or Wetaut or Test Specimens 


| 


- 
708 TRANSACTIONS OF THE ASME 


However, since most materials, particularly cast materials, 
have a tendency to pick up some moisture during the course of a 
2-hr cavitation test, all of the test specimens are placed in boiling 
water for 30 min, before being tested and before being weighed 

All of the test specimens are carefully adjusted to the same 
weight within '/,gram. They are all weighed accurately to the 
nearest 1/19 mg in a chemical-balance scale. All specimens are 
weighed every 30 min during the test. It was found that the rate 
of loss of some of the metals increases for the first 60 to 90 min, but 
after that period the loss approaches a fairly constant rate. 
Therefore the length of each test was limited to 120 min. Fig. 5 
shows how the rate of loss of metal varied with time. It was ob- 
served in several instances that a highly polished specimen had a 
slower rate,of pitting during the first 60 min of testing than the 
same material with a dull finish. However, by the end of a 120- 
min test, the highly polished specimen would be pitting at the 
same rate as the duller specimen. Therefore, in comparing the 
relative rate of pitting of various materials, the rate of loss during 
the last 30 min, as well as the total loss of weight in 120 min, is 
used as a criterion. ; 

Errect OF AMPLITUDE OF VIBRATION 


An interesting series of tests were made on several materials to 
determine the effect on the rate of pitting by changing the ampli- 
tude of vibration of the test specimen. The construction of the 
accelerated-cavitation machine made it possible to control 
the amplitude of vibration by controlling the power output of the 
vacuum-tube oscillator. The amplitude was measured by means 
of an electric strain gage fastened to the nickel tube. This strain 
gage was calibrated at frequent intervals by means of a micro- 
scope micrometer. During these tests the frequency of vibration 
was the same as for all the tests described in this paper, namely, 
6500 eps. 
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Fig. 6 shows how the amount of pitting decreased as the ampli- 
tude was decreased. There was very little difference in the rate 
of pitting between 0.0030 in. and 0.0035 in. amplitude. For this 
reason, an amplitude of 0.0034 in. was selected for all the standard 
tests made on different materials to determine their relative re- 
sistance to pitting. Thus a slight variation in amplitude for 
different tests had very little effect on the relative rate of pitting 
of the test specimens. 

The results of these tests indicate that a certain amplitide of - 
vibration of the test specimen is needed to produce actual pitting, 
and that the magnitude of the amplitude required varies for dif- 
ferent metals. The 18-8 rolled stainless-steel type 302 required an 
amplitude of 0.0025 in. before pittirig became appreciable. The 
cast-steel specimen showed very little pitting below 0.0016 in. 
amplitude, and the brass specimen probably would have stopped 
pitting below 0.001 in., if the tests had been carried to such low 
values. 

Apparently there is a difference in the minimum force required 
to produce pitting on different materials, and changing the ampli- 
tude of vibration seems to change the foreés which produce 
pitting. This experimental data correspond to some of the field 
results, where cast iron or cast steel, which pitted rapidly, was re- 
placed with stainless steel, which did not pit at all under the same 
operating and cavitation conditions. 

Just what the forces are that are created by the vibrating speci- 
men and which produce pitting is still open to-speculation. The 
maximum velocity of the test specimen when vibrating at 6500 
cps, with an amplitude of 0.0034 in. is only 5.8 fps, as computed 
from the sine-wave formula aa 
VesFA> 


V = maximum velocity 4 
F = frequency 


A = amplitude (full travel) 


This velocity is much too low to produce any impact forces 
sufficient to cause pitting. However, the acceleration of the test 
specimen is quite high, as is shown in Fig. 7. At 0.0034 in. ampli- 
tude of vibration, the maximum acceleration is 7300 G’s-or about 
235,000 ft per sec per sec. It is possible that this high rate of 
acceleration is responsible for the forces that produce pitting. 

The most logical explanation is the theory by R. T. Knapp and 
A. Hollander (11) that bubbles form in the cavitation region 
where the absolute pressure drops below the vapor pressure of the 
surrounding liquid. They actually demonstrated by high-speed 
moving pictures that cavitation bubbles form in the liquid and 
then collapse at velocities up to 800 fps, depending upon the size 
of the bubble. These extremely high velocities of collapse pro- 
duce pressures of approximately 50,000 psi, but only over a 
microscopically small area. 

Observation of the test specimens, after having been tested at 
various amplitudes of vibration, showed that the pitted area on 
the bottom of the button, and the depth of pitting decreased with 
a decrease in amplitude. One of the reasons why the depth of 
pitting decreases with a decrease in amplitude is apparent when 
observing the test fluid in stroboscopic light. .As the amplitude is 
decreased, the size of the vapor bubbles that form beneath the 
button also decreases. According to the theory of collapse of a 
vapor bubble, the smaller the bubble, the smaller the velocity o 
collapse and, therefore, the smaller the pressure produced. 

The reason for the decrease in pitted area with a decrease in 
amplitude is also apparent from observation of the test fluid 
under stroboscopic light. As the amplitude decreases, the area 
covered by vapor bubbles also decreases. This is probably due to 
the lower vacuums produced under the test button at lower ampli- 
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tudes, and therefore the formation of vapor bubbles over a 
large area is prevented by. the surrounding pressure. 

Further tésts are being made in an attempt to determine what 
forces are being produced under the vibrating test specimen, or 
what is actually taking place that produces the pitting. ; 


Another series of tests were made to determine the effect on the 
rate of pitting of various depths of submergence of the test speci- 
men in the fluid. Tests were made on brass and on 18-8 cast 
stainless steel at various depths of submergence from !/s to 2 in. 

The results of these tests are shown in Figs. 8 and 9. With the 
rolled-brass specimen, the material removed increased 25 per cent 
with an increase of submergence from '/s to 2 in. With the 18-8 
cast stainless-steel specimen, the material removed decreased 60 
per cent with an increase of submergence from '/5 to 2 in. 

On both the brass and the stainless steel, the area of the pitted 
surface on the specimens increased with an increase in submer- 
gence. However, on the brass the depth of pitting remained about 
the same for all depths of submergence, while on the stainless 
steel the depth of pitting decreased as the submergence was in- 
creased. Fig. 10 shows the pitting of brass and stainless steel at 
‘/s in. submergence and at 2 in. submergence. 

The reason why only the central portion of the specimen is 
eroded or pitted is apparent when observing the test liquid with 
stroboscopic light. As the test specimen vibrates, vapor bubbles 
form near the center of the bottom of the button and flow down- 
ward to the bottom of the container in a continuous stream. 

Fig. 11 shows this action with a test specimen vibrating in oil. 
Air bubbles are also visible in the liquid. Apparently air is being 
drawn down along the side of the test button from the surface of 
the liquid. This air flows underneath the button to prevent 
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steel decreased with an increase of depth, cannot be explained 
quite as easily. It, might be expected that pitting would decrease 
with increased submergence, because, with increased pressure, the 
formation of vapor bubbles decreases. It is possible that the 
severity of cavitation actually did decrease with an increase in 
submergence, but that the brass specimen was so susceptible to 
cavitation that it was not very sensitive to a change in the cavita- 
tion forces. On the other hand, the stajnless steel was probably 
close to the borderline between pitting and not pitting and 
therefore was sensitive to any slight differences in the cavitation 
forces such as would occur due to an increase in the depth of sub- 
mergence, This is similar to what occurred when the amplitude 
of vibration was decreased as shown in Fig. 6. 

Further tests are being made to determine the effect. of sub- 
mergence on the rate of pitting of other materials. All of the other 
tests described in this paper were made at '/s in. depth of 
submergence in the test liquid. 


Errecr or Dirrerent Test Liquips 
One of the most interesting series of tests was made using 
lifferent test liquids. Most of the standard tests to determine the 
relative resistance of different materials to pitting have been made 
in distilled water. S. Logan Kerr made some tests using salt 
water (2) which showed very little difference in the rate of pitting 
is compared to fresh water. 
The present series of tests used liquids such as sulphuric acid, 
“hydrochloric acid, oils and water, treated with a chromate in- 
hibitor. The materials tested were brass, stainless steel, cast steel, 
and special cast irons. 
Table 1 lists the results of tests on various cast irons when 
tested in distilled water and in water treated with chromate 
Fic. 11) Specimen Visratine in Orn (Nas CrO,). The chromate solutions were alkaline, having a pH 
number of 8.6. The chemical compositions of the five different 
formation of the vapor bubbles at the outer edges. As the depth — cast irons tested are shown in Table 2. 
of submergence of the test specimen is increased, the quantity of The purpose of these tests was to determine whether addition of 
air drawn from the surface decreases, thereby permitting the an inhibitor such as chromate to water would reduce pitting. 
formation of larger pitted areas on the test specimen. This flow of With the exception of the heat-treated low-alloy cast iron, none of 
air is not visible on any of the photographs, but close observation the test resultsindicated that addition of chromate increased the re- 
with stroboscopic light indicates that air is being drawn _ sistance to pitting any appreciable amount. 
from the surface of the liquid to the bottom of the vibrating test However, since the Brinell hardness was determined for all of 
specimen. the test specimens, it was noted that the loss of metal of the 
The reason why the brass specimens pitted to the same depth — various materials after 120 min of testing varied with hardness. 
at all depths of submergence, and why the pitting on the stainless This is shown in Fig. 12, and, despite the fact that this curve 


TABLE b& EFFECT OF INHIBITOR IN TEST LIQUID ON RESISTANCE TO PITTING 
Rate of loss aa 
mg per min Total loss 

if during last in mg in = a 
Material Test liquid 30 min of test 120 min 
Low-alloy gray iron, as cast, Rockwell A55 Water (distilled) 
Low-alloy gray iron, as cast, Rockwell A55__. . (0.2°) chromate (NagCrO,) 
\99.8°) water, pH 8.6 
Low-alloy gray iron, as cast, Rockwell A55 0.4% chromate, NagCrO,) 
(99.65) water, pH = 8.6 
Low-alloy gray iron, heat-treated, Rockwell A71 Water (distilled) 
Low-alloy gray iron, heat-treated, Rockwell A71 0.2% chromate (NagCrO4) 
water, pH 8.6 
Low-alloy gray iron, heat-treated, Rockwell A71 0.5% chromate (NasCrO,) 
(99.6°) water, p = 8.6 
Type no, 1 Ni-Resist, Rockwell A43 Water (distilled) 
Type no. 1 Ni-Resist, Rockwell A43 0.2°% chromate (NayCrO,) 
water, pH = 8.6 
Type no. 1 Ni-Resist, Rockwell A43 0.4°% ehromate (NagCrOy 
99.6°) water, pH 8.6 
Type no, 2 Ni-Resist, Rockwell A35 Water (distilled) 166 
Type no. 2 Ni-Resist, Rockwell A35 0.2°) chromate (NayCrO,) ue 166 
water, pH 8.6 
Type no. 2 Ni-Resist, Rockwell A35 0.4°% chromate (NagCrOy 
(99.6°) water, pH 8.6 
Type no. 3 Ni-Resist, Rockwell A42 Water (distilled) 
Type no. 3 Ni-Resist, Rockwell A42 0.2°% chromate 
\99.8°) water, pH = 
Type no. 3 Ni-Resist, Rockwell A42. ‘ 0.4°% chromate (NagC 
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TABLE 2 CHEMICAL COMPOSITION OF TESTED 
IN CHROMATE SOLUTIO 


-— Chemical composition, per cent——-———~ 
Material? Si Mn Ni Cr - Cu P 8 

Low- — gray iron 

as cast 3. .14 0 
Low-alloy gray iron 

heat-treated i .14 0 
Type | Ni-Resist... 2.¢ 82 1.3 
Type 2 Ni-Resist. . y 32 1.2 
3 Ni-Resist. . 1 0 
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represents cast iron with various chemical compositions, there is a 
definite relation between hardness and resistance to pitting. 
Table 3 lists the results of tests on half-hard rolled-brass bar 
stock using various solutions of sulphuric and hydrochloric acid, 
and also oils. The first group of tests seemed to indicate that the 
greater the concentration of sulphuric acid, the greater the re- 
sistance to cavitation. In the second series, however, where 
both the water and the acid solutions were wetted to give ap- 
proximately the surface tensions of the oils used, there seemed to 
be very little difference in the resistance to pitting between dis- 
tilled water and various concentrations of acids. The biggest 
variation was found when oil was used as the test liquid. The re- 
sults showed that there was a marked drop in loss of weight of the 
test specimen when vibrated in either mineral seal eil or trans- - 
former oil. A test was also made mixing the mineral seal oil with 
chloroform to increase the specific gravity and decrease the vis- 
cosity, bringing these values closer to that for water. This 
‘mixture showed an increase in the loss of weight of the test speci- 
men. i 
Table 4 lists the results of tests on cast stainless steel, type 302. 
Again the acid solutions showed no marked increase or decrease, 
but the test in the seal oil showed a big decrease in pitting. 
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TABLE 3 ROLLED-BRASS BAR STOCK, ASTM, B-16-44, HALF- 
ARD 


(Cu 60 per cent, Zn 27 per cent, PB 3 per cent, 90 Bhn) 
Rate ‘of 
-~——— Properties of liquid———_ loss mg 
Surface per min Total 
Viscosity tension, duringlast loss in 
Specific F, dynes 30 min mg in 
Test liquid gravity centistokes per cm of test 120 min 
Water (distilled). . 1.00 0.77 6. 7 
95% 77 7 1.37 190 
11,0. 1.058 
25% 
1,0. 


50% HiS0,, 50%, 
1.0 


0.83 76. 1.13 
1.226 71. 44 
2 


1.42 65.! .73 
Water (wetted to 


reduce surface 
tension) 
25% HSO,, 
(wetted)... 
5% HCl, 95% 
(wetted) 
25% HCl, 75% 
(wetted) 
Mineral seal oil... 
Mineral seal oil and 
chloroform. 
ransformer oil . 
(Spec. N-2698, Sun 
Gil Company T- 
92304-6199 Sun 
x 2587) 


TABLE 4 CAST STAINLESS STEEL, TYPE 302 
(18 per cent CR, 8 per cent Ni, 0.11 per cent C) 
Rate of 
Properties of liquid—-——.__ loss mg 
. Surface per min Total 
Viscosity tension, duringlast loss in 
Specifie 100 F, dynes 30 min mg in 
Test liquid gravity centistokes perem, of test 120 min 
Water (distilled) . . 1.00 0.77 76.5 0.47 35 
25% HsSOu, 75% 
Hy O (wetted). 1.22 1.20 32.0 0.24 25 
25% HCI, 75% H:0 
(wetted) 1.0% 0.86 41.0 0.48 48 
Mineral seal oil and 
chloroform 99% 1°86 31.5 0.028 33 


TABLE 5 CAST STEEL, F RAL [FICATION QQ-S-681 b 
CLA 2 MEDIUN 
Rate of 
———Propertiss of liquid— loss mg 
Surface per min Total 
Viscosity tension, during last loss in 
Specific 100 F, dynes 30 min - mg in 
—_ liquid gravity centistokes percm of test 120 min 
Wat 0.77 76.5 0.75 104.4 
95% 
(wetted). 2: 1.20 32.0 1.91 155.5 
25% HCl, 75% 
(wetted) . , 1.0: 0.86 41.0 0.99 146.0 
Mineral sea! oil and 
chloroform..... °0.9¢ 1.86 31.5 0.073 6.9 


TABLE 6 LOSS OF WEIGHT OF TEST SPECIMENS DUE TO 
CORROSION WHEN IMMERSED STATICALLY IN TEST LIQUID 
FOR 120 MIN 

Loss of 
weight 
in mgin 
Material Test quid 120 min 
Rolled brass, ASTM, B-16-44, half-hard. . > HeSOs, 75% H2O 0 
Rolled brass, ASTM, B-16-44, half-hard. HeSO«, 50% H,O 
Cast stainless steel, type 302..... 7 5% H,O 
Cast stainless steel, type 302....... 
Cast steel, QQ-S-681 b, Class 2 med ...*.. 5% 51 
Cast steel, QQ-S-681 b, Class 2 med 25% 1, 67.3 


Table 5 lists the results of tests on cast steel. These tests indi- 
cate a definite increase in loss of weight with the acid solutions. 
However, the acid solutions have a definite corrosive effect on 
cast steel and can cause an appreciable loss of weight due to 
corrosion alone during the 2-hr test period. This static loss of 
weight of the test specimens in the acid solutions is shown in Table 
6. The brass and stainless-steel losses due to corrosion are negligi- 
ble. However, when the static loss due to corrosion for cast steel 
is subtracted from the loss of weight of the test specimens, as de- 


- termined during the cavitation tests, there again is an indication 


that the acid solutions do not affect the resistance to pitting. 
The general conclusion from all of these tests is that acid solu- 
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tions do not change the cavitation forces, and there is some 
evidence that the greater the acid concentration, the smaller the 
amount of pitting. On the other hand, when the test specimens 
are vibrated in oil, the weight loss is greatly reduced. The ex- 
planation for this phenomenon is not quite clear. However, Dr. 
W. A. Weyl and F. C. Marbae (12) have suggested that water 
molecules can be fractured under high negative pressures such as 
are present where cavitation occurs, and produce a solution of 
H* and OH~ ions. This is comparable to a combination of a 
strong acid and a strong base, which produces strong corrosion. 
If this theory is correct it will explain why the pitting of metals 
decrease as the acid concentration is increased, since the water 
molecules available to be fractured decrease. It will also explain 
the exceedingly large decrease in pitting when. the metals were 
vibrated in oil. However,-it will not explain the pitting of such 
materials as glass and rubber. Therefore further investigations 
along these lines are required before any definite conclusions can 
be reached. 

Tables 7 to 19, inclusive, list practically all of the materials 
tested in the accelerated-cavitation machine. These ma- 
terials were tested at a depth of immersion of '/s in. in distilled 
water at 6500 cps with a total travel amplitude of 0.0034 in. 

Each specimen was tested for a total period of 120 min, but the 
loss in weight was determined every 30 min. 


Cast AND ROLLED STAINLESS STEELS 


Table 7 lists tests on a number of cast stainless steels, which in- 
dicate quite a variation in resistance to pitting. Even cast stain- 
less steels of the same type but cast in different foundries show - 
considerable variation in their resistance to pitting. 
ple, 


For exam- 
cast stainless-steel type 302, which contains 18 per cent 
chrome and 8 per cent nickel, showed losses of 12, 22, and 35 mg, 
respectively, as furnished by three different foundries. This is a 
maximum variation of 300 per cent in the resistance to pitting. 
Some of these variations may be due to the materials being cast 
for different purposes. Other causes for variations are the carbon 
content of the steel, where the specifications for a particular type 
permit a wide variation in carbon. The heat-treatment of the 
casting and the hardness of the material also affect its resistance to 
pitting. 

Table 8 lists the results of tests on a 12 per cent and a 13 per 


23 


MATERIALS TE D CELERATED-CAVITATION 


TABLE7 


Rate of 
loss, mg 
ry per min Total 
during last  lossin 
30 min mg in 
Specimen no, Material of test 120 min 
Cast STAINLEss STEELS 
149 18% Cr, 8% Ni, 0. 12% C, Type 3024 0.19 12 
103... 18% Cr, 8% Ni 0.12% C, Type 3024 0.18 13 
137. 27 Cr, 10% Ni, 0.26% C, Type 312 0.18 13 
108. Cr, 0. 10% C, Type 410 0.21 22 
106... 184% Gr, 8% Ni, G10 C, Type 3026 0.27 22 
107. 17% Cr, 12% Ni, 0.10 C, Type 316 0.25 24 
139 21% Cr, 10% Ni, 0.11% Type 307 0.38 31 
168. 18% Cr, 8% Ni, 0.11% C, Type 304¢ 0.45 33 
167 18% Cr, 8% Ni, Oe © Type 302¢ 0.47 35 
171 13% Cr, 0. 12% C, Type 420¢ 0.40 38 
169. Type 327¢ 0.50 53 
170. 13% Cr, 0.12% C, Type 410¢ 0.55 59 


® Cast by Midvale. 


b Cast by Bonney Floyd Co. 


© Cast by Allegheny 


TABLE MATERIALS TESTED IN ACCELERATED-CAVITATION 
MACHINE; CAST STAINLESS STEELS—EFFECT OF HARDNESS 


Rate of loss, Total 
-—— Material——. mg per min loss in 
Specimen Cr, during last mg in 
no. per cent Bhn 30 min of test 120 min 
2 302 0.20 20 
win 13 302 0.26 25 
1946 13 235 0.43 49 
1956 13 241 0.39 51 
12 225 0.55 54 
1936... 13 229 0.46 57 
1926..... 13 207 0.51 70 c 
12 167 0.73 141 


@ Cast by Ohio Steel. 6 Cast by Allegheny Ludlum. 


shows the loss in milligrams during a 2-hr test in the accelerated- 
cavitation machine plotted against Brinell hardness. For both 
the 12 per cent and the 13 per cent chrome steels, the test speci- 
mens were taken from the same castings, and the variation in 
Brinell hardness was obtained entirely by changing the heat- 
treatment of the two materials. These tests show the large effect 
that hardness of a material has on its resistance to pitting. 

The large variations in resistance to pitting of the different cast 
stainless steels indicate the necessity for constant checks on such 
material when used in hydraulic machinery to assure that the de- 
sired resistance to pitting is being obtained. 

Table 9 lists the results of tests on rolled annealed stainless 


cent chrome cast steel with varving Brinell hardness. Fig. steel. The wide variation in resistance to pitting of the two 
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TABLE 9 


TERIALS TESTED IN ACCELERATED-CAVITATION 
MACI E; 


ROLLED ANNEALED STAINLESS STEELS 


Rate of 
loss, mg 
per min Total 
during last loss in 
Specimen 7 Material 30 min mg in 
no. of test 120 min 
105.. 18% Cr, 8% Ni, 0.12% C, Type 302 0.107 8.0 
157...... 18% Cr, 8% Ni, 0.12% C, Type 302 0.33 32 


MA 
IN 


rolled stainless steels of the same type is another reason for the 
necessity of making careful accelerated cavitation tests on all 
materials of this type before using them for the purpose of re- 
sisting pitting. 


WELDED STAINLESS STEELS 


Table 10 lists the results of tests on welded stainless steels. 
These tests also show a wide variation in resistance to pitting, de- 
pending upon the type of material used. ? 


E10 MATERIALS TESTED IN ACCELERATED- 
TATION MACHINE; WELDED STAINLESS STEELS 


Rate of loss, Total 
mg per min loss in 
during last mg in 
Material 30 min of test 120° min 
16% Cr, 7% Ni, 2 layers 
19% Cr, 9% Ni-Cb, 1 layer 
L ine oln AS 


Ni-C > 2 layers 
Ni-Cb 
130x Inco Monel 
25% Cr, 12% Ni-Cb, Ist layer 
Cr, 9% Ni-Cb, 2nd laver 
Lincoln Aecrisweld AB-124K 


TABLE 11 MATERI 
“AVITATION MACHIN 
EFFECT OF 


ALS 
E; NLESS ST 
“AT ON BASE METAL 
Rate of 
loss, mg 
per min Total 
during last in 
Specimen in mg in 
* no. Material of test 120 min 
18% Cr, 8% Nion 12% Cr. Cast steel, 
pre me sate od to 600 F 0.095 
18% r, 8% Ni, on 12° Cr. Cast steel, 
no pe sheat 0.099 
18% Cr, 8% Ni, on 12° Cr. Cast steel, 
prehe sated to 400 r 0.082 
12% Cr, on 12% Cr. Cast steel, pre- 
heated to 400 F 0.15 
12% Cr, on 12% Cr. Cast steel, pre- 
heated to 600 F - 0.16 
12% Cr, on 12% Cr. Cast steel, no pre- 
heat 0.18 16.8 


Table 11 shows the results of tests on welded stainless steels 


when welded to 12 per cent chrome, either preheated or not pre- 
heated. These tests show that preheating of the base metal has 
very little effect on the resistance to pitting of the welded de- 
posit. 

Table 12 lists the results of tests on various welded stainless 
steels and on various combinations of welded layers. The chro- 
mium and nickel contents refer to the commercial weld-rod 
designation and do not refer to the chemical analysis df the weld 
deposit. One object of this series of tests was to determine the re- 
sistance to pitting of different types of stainless-steel welds. 


TABLE 12) MATERIALS TEST"D IN AT 
LE VARIATION IN LAY 


STAIN 


SS STEELS 


Specimen 


Second or final layer of weld 


First lay er — weld 


Type 301 
Type 308 


203 r 
201 r 
198. : r 
204 Cr,7 
199 y Cr. 
202 r 
200 r 
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Another object was to determine the effect of one and two layers 
of weld and 
sistance of pitting. In each case the base metal consisted of cast 
steel, conforming to Federal specification QQ-S-681b, Class 2, 
medium. 

The results indicate that of the ines ‘types of chromium-nickel 
steels tested, type 301, with 17 per cent chromium,and 7 per cent. 


various combination of materials on the re- 


nickel, gave the highest resistance to pitting. There again ap- 
pears to be a definite relationship between hardness of the ma- 
terial and its resistance to pitting, since type 301 had the highest 
Brinell. 

The tests also show th: at two layers of type 301 weld are better 
than one layer, although the single layer had a higher Brinell 
hardness than-two layers. This may be due to other characteris- 
tics of the welded material, since it is certain that the first laver is 
contaminated by the base metal and therefore its characteristics 
probably change m: iteri: ally while cooling. 

An additional indication of such contamination is shown where 
a first layer of type 309 with a second layer of type 301 had less 
hardness and considerably less resistance to pitting than two 
layers of type 

The 18 per cent chromium, 8 per cent nickel stainless steel, type 
308, did not seem to become contaminated very much by either 
the base metal or a first layer of type 309, but it had considerably 
less resistance to pitting than type 301. 

One definite conclusion that can be made from this series of 
tests is that a first layer of type 309 has no beneficial effects on the 
resistance to pitting and, in the case of type 301, definite ly lowers 
this resistance. 

Since a lot of welded stainless-steel repairs and overlays are 
being made, using type 309 as a first layer, it was decided to de- 
termine whether this material had any other beneficial effects. 
One of the dangers: of stainless-steel welds is that they may pro- 
duce brittleness in either the weld deposit or in the base metal. A 
measure of brittleness is the bend test. Therefore, in preparing 
the test specimens for this series of tests, the weld was deposited 
on cast-steel bars 1 in. wide < Sin. long X J in. thick. " The cast 


* steel conformed t6 Federal specification QQ-S-681b, Class 2, 


medium, which is a steel commonly used for hydraulic-turbine 
runners. In making the welds, only; standard commercial weld 
rods were used. 

* The bend tests showed that in each case two weld layers gave a 
greater bend angle and therefore greater ductility than a single 
layer. Use of type 309 as a first layer did not increase the bend 
angle compared to atiy of the other two materials. However, two 
lavers of type 308 had a higher bend angle than two layers of type 
301. 

The conclusion from these tests is that type 309 stainless steel 
as a first laver does not improve the characteristics of the weld. 


Although two layers of type 308 had greater ductility than two . 


lavers of type 301, this was more than offset by the greater re- 
sistance to pitting of type 301 

All of these tests indicate that for all welding repairs — all pré- 
welding of hydraulic-turbine machinery, two layers of stainless 


steel should be used and, if it is desired to obtain the maximum , 
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resistance to pitting, type 301 stainless-steel weld rods should be 
cused. 


SPRAYED STAINLESS STEELS 


Table 
These tests indicate that although some of the sprayed stainless 
materials had a resistance about equal to cast steel, others pitted 
These differences are probably due largely to the 


TABLE 13 MATERIALS TESTED IN ACCELERATED- 
yy TATION MACHINE; SPRAYED STAINLESS STEELS 
- Rate of loss, Total 
: mg per min loss in 
Specimen’ during last mg in 
no Material 30 min of test * 120 min 
.. Meteo Metcaloy No. 2 f 2 
. Meteo Metcaloy No. 1 
‘ . 18% Cr, 8% Ni, Type 302 j 
13° Cr, Type 420 
.” Metealoy No. 2 3: 216 
method of application of the sprayed metal, which accounts for 
the variance in field reports as to their effectiveness. Quite a 
‘ number of the test specimens had to be scrapped before the 2-hr 
test period was completed, because the sprayed metal would 
separate from the base. The-high acceleration (about 7300 G's) 
of the vibratory test is a severe test on the adhesion of the 
metal. 

If the sprayed material is applied carefully it seems to have 
about the same resistance to pitting as cast steel, but considerably 
less resistance than a properly welded stainless steel. In general, 
the application of sprayed metal is cheaper than welding with 


13 lists the tests on various sprayed stainless steels. 


very rapidly. 


mild or stainless steel, and it sometimes proves to be a satisfactory 
means of repair where pitting is not very severe, and where speed 
of application and low initial costs are a factor. 
Cast STEELS 

Table 14 lists the results of tests on the cast steel most com- 
monly hydraulic-turbine runners. The tests on three 
castings from 3 different foundries do not show any appreciable 
variation. 


used for 


IN ACCELERATED- 


TABLE 14. M RIALS TESTED 
CAV CAST STEELS 


ATE 
ITATION MACHINE; 


Rate of 
loss, mg 
per min 
during last 
30 min 
of test 
1.09 88 
0.75 104 
0 70 105 


Total 
loss in 
mein 


Material 120 min 


Fed, Spee. QQ-S-681 b Class 2 medium 
Fed. Spec. QQ-S-681 b Class 2 medium 
Fed. Spee. QQ-S-681 b Class 2 medium 


Ameco Bronzes 


Specimen 
q 
Table 15 lists an interesting series of tests on Ampco bronzes. 
Ampco is the trade name for a bronze with an aluminum content 
varying from 10 to approximately 14 per cent. The Brinell hard- 
ness increases as the aluminum content increases. The results of 
the tests on the cast bronzes show that some of them have twice 
¢ the resistance to pitting compared to the best stainless-steel cast- 
ings. The welded bronzes also show a remarkable resistance to 
pitting. Fig. 14 shows cast and welded Ampco bronze test 
specimens. Fig. 15 shows how the resistance to pitting of these 
; materials varies with hardness. This curve indicates that while 
the resistance to pitting increases with hardness, there is » maxi- 
mum point beyond which resistance to pitting decreases with in- 
creased hardness. 2 
Unfortunately, there is very little information with reference 
to how these bronzes, either cast or welded, stand up under field 
conditions, which is The author knows 


was used on a hy- 


really the final criterion. 
of only one instance where Ampco bronze 
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TABLE 5 MATERIALS TESTED IN 
CAV vir ATION MACHINE; 


Acc ELERATED- 
BRONZE 


Rate of 
loss, mg 
per min 
during last 
30 min 
of test 


Total 

loss in 

mg in 
120 min 


Specimen 
no. Material 

Amepco Bronzes 

Ampeo no, 18 (Extruded) 

Ampco Cast Bronzes 

Ampeco no, 

Ampeco no. 

Ampco no. 2% 

Ampeoloy 46 

Ampeco no. 

Ampcoloy AB 
Wetpep Ampco Bronzes 


Ampcotrode 200 on SAE 1010 steel 


Ampcotrode 250 on SAE 1010 steel 


Ampcotrode 160 on SAE 1010 steel 
Ampecotrode 160 on Ampco 18 
Ampcotrode 300 on SAE 1010 steel 
Ampcotrode 160 on Ampcoloy 46 
Ampcotrode 10 on SAE 1010 steel 
Ampcotrode 10 on Ampcoloy A3 


Nore Materials furnished by Ampco Co. 
draulie-turbine runner. In this case Ampco bronze patch plates 
were alternated with ordinary bronze on the back sides of the 
blades of a hydraulic-turbine runner. After a period of opera- 
tion the ordinary brdnze patch plates had pitted to a considerable 
extent, while the Ampco bronze showed very little sign of pitting. 
Certainly the tests of the Ampco bronzes in the accelerated- 
cavitation machine warrant experimenting with this material in 
field installations. 


CoLMONoyY 


Table 16 lists tests made on welded Colmonoy. The tests show 
that some types of welded Colmonoy have a high resistance to 
pitting. 

Table 17 lists Colmonoy sprayed onto a base and then fused on 
at a temperature of 1850 F. These tests show that some of these 
materials also have a high resistance to pitting. 

Colmonoy is a trade name for a material consisting primarily 
of iron, nickel, chromium, borium, silicon, and carbon. Before 
applying Colmonoy as a spray, the base metal is thoroughly grit- 
blasted. The Colmonoy is then sprayed uniformly over the 
grit-blasted area to a thickness of approximately 0.060 in. The 
sprayed area is then heated with an oxyacetylene flame or in a 
heat-treating furnace to a temperature of 1850 F. Colmonoy has 
the property of becoming very plastic at this temperature, thereby 
fusing itself to a grit-blasted area. 

The author knows of no field tests on this material, but based 
on the results in the it merits 
One advantage is the ease of application, whereby 
the material is sprayed on and then fused with a torch or in an 
oven. However, the fusing process presents the problem of 
possible distortion of the base metal. The cost of the Colmonoy 
material also may be a deterrent to its general use in the preven- 
tion of pitting. 


accelerated-cavitation machine, 
consideration. 


Several test buttons were prepared by spraying Colmonoy to a 
base, but eliminating the fusing process. It was impossible to 
obtain any pitting data on these specimens because the sprayed 
material separated from the base during the vibration tests. 


RuBBER 


Table 18 lists tests made on Thiokol rubber sprayed on various 
materials used for a base. 
the U.S. Navy. 
a very satisfactory means for determining the relative resistance 


The test specimens were prepared by 
The loss of weight of the test specimens is not 


of rubber because of its low specific gravity compared to metal. 
However, visual inspection of the test specimens indicated that 


the rubber overlay gave considerable resistance to pitting. Fig. 
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TABLE 16 MATERIALS’ TESTED 


IN ACCELERATED- 
) CAVITATION MACHINE; 


WELDED OVERLAY? 


Rate of loss, Total 
mg per min joss in 
oat Specimen during last mg in 
Material 30 min of test 120 min 
148..... Colmonoy WER-100, are-welded 0.043 6.0 
145..... Colmonoy no. 6, are-welded 0.070 8.4 
129..... Colmonoy—2 layers, gas-welded 0.20 19 
130..... Colmonoy—1} layer, gas-welded 0.24 ° 23 
147..... Colmonoy no. 5, are-welded 0.18 23 
q 146..... Colmonoy no. 4, arc-welded 0.21 29 
* “Colmonoy"’ furnished by Wall Colmonoy Company. 


TABLE MATERIALS TESTED IN 
CAVITATION MACHINE; 


ACCELERATED- 
COLMONOY SPRAYED AND FUSED 


TO BASE 
ss Rate of loss, Total 
per min loss in 
Specimen during last mg in 
. no. Material 30 min of test 120 min 
See . Colmonoy no. 6 0.064 8.0 
olmonoy no. 6 0.092 9.5 
143....... Colmonoy no. 5 0.19 16 
Colmonoy no. 4 0.31 30 
Colmonoy, sweat-on-paste 0.32 30 
are application 
a Colmonoy, sweat-on-paste 0.38 34 
QXI-acetylene application 
Tang 18 MATERIALS TESTED IN ‘ACCELERATED- 
AVITATION MACHINE; THIOKOL RUBBER# 
Rate of loss Total 
: mg per min loss in 
Specimen during last mg in 
ss no. Materials 30 min of test 120 min 
Navy no. 2 Flame-sprayed on stainless steel 0.17 26 
Navy no. 4. Flame-sprayed on stainless steel, 
weld inlay 0.16 28 
Navy no. 10. Flame-sprayed on manganese bronze 0.18 30 
Navy no. 8.. Flame-sprayed on mild welded steel 0.14 31 
Navy no. 6.. Flame sprayed on mild steel 0.16 33 


* Furnished by U. . Navy. 


16 shows several of the rubber overlays after 2 hr of testing in the 
accelerated-cavitation testing machine. These illustrations show 
how the. center of the rubber overlay is eroded down to the base 
metal. The composition of the base metal apparently has very 
little influence on the resistance of the rubber to pitting, as is indi- 
cated in Table 18. 

The U 


. 8. Navy has used this rubber overlay with considerable 


240 260 280 


Errect or HarpNess or Ampco Bronzes ON Resistance TO PirrinG 


Joo 340 


success on propeller shafts, rudders, and struts of naval vessels” 
where pitting was being encountered. One of the important 
features of the successful use of rubber overlays is proper applica- — 
tion. The U.S. Navy sandblasts the base metal to obtain a clean” 
surface. The metal is heated to a temperature somewhat above - 
the surrounding air temperature. The rubber is then sprayed on 
with a gun, using the powder and gun developed by the Schori 
Process Corporation. 

The results of the tests in the accelerated-cavitation machine, 
and the results obtained by the Navy under actual operating con- 
ditions, indicate that it might be desirable to investigate the per- 
formance of this rubber | when used for hydraulic-machinery parts: 
subject to pitting. 


MiscELLANEOUS MATERIALS 


Table 19 lists some miscellaneous materials tested in the 
accelerated-cavitation machine. These include the base metals 
used by the Navy in connection with Thiokol rubber overlays. 
This table shows that stellite has by far the greatest resistance to 
pitting of all of the materials tested, which agrees with the re-— 
sults obtained in other accelerated-cavitation machines. 

The stellite used in the present test was a rolled material con- 
sisting of 55 per cent cobalt, 33 per cent chrome, and 6 per cent 
tungsten, with a Brinell hardness of about 410. The stellite was 
brazed to the base metal with silver solder. Stellite can be ob- 
tained as a casting and also can be applied by welding. Its dis- 
advantage for ordinary hydraulic machinery is its high cost, and 


re 19 MATERIALS TESTED IN 


TA ACCELERATED- 
CAV MACHINE; 


MISCELLANEOUS MATERIALS 


Rate of loss, Total 
mg per min loss in 
Specimen during last mg in 
no. Material 30 min of test 120 min 
Special..... Stellite, Haynes no. 6, Rolled, Bhn 
410 0.017 
166..... Nitraloy—Holcomb no, 218 0.07 14 
Navy no.3. Wel ied stainless steel 0.35 28 
Navy no.1. Stainless steel 0.46 47 
Navy no.9. Manganese bronze 0.70 sO 
Navy no.7. Welded mild steel 0.79 97 
Navy no.5. Mild steel 0.7! 107 
119..... Brass, 70% Cu, 30% Zn 1.17 156 
120..... Rolled brass B-16-44 half-hard bar © 
stock used for standard to check 
cavitation machine, Cu 60%, Zn 
27% Pb 3%, Bhn 90 1.01 162 
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the difficulty of machining and grinding it because of its extreme 

hardness. However, it has been used successfully for steam-tur- 

bine blading where the erosion problems are somewhat similar to 
pitting in hydraulic turbines. 


CONCLUSIONS 

The tests on variation in amplitude of vibration, on variation 
in depth of submergence and with various liquids, answered 
some of the questions regarding the phenomena of cavitation. 
Although these tests were not always conclusive, they indicated 
the tvpe of additional investigations that should:-be made. 

The standard accelerated-cavitation tests were made mostly on 


standard trade materials to determine the qualities of materials 


readily available to the industry. These tests showed the follow- 


ing: 
1 That new materials such as the Ampco bronzes, Colmonoy, 
Thikol rubber, and others, which are constantly being developed, 
might be suitable for hydraulic machinéry and might have a dis- 
tinct advantage over the materials now in use. ‘ 
2 That the practical application of the materials, such as 
number of layers to be used when making repairs by welding or 
when prewelding, influences the resistance to pitting whereas pre- 
heating the base metal has very little effect on the resistance. 
3 That hardness has a definite effect on resistance to pitting 


regardless of the material being used. 
4 That it is desirable to make accelerated-cavitation tests on 


the special materials, particularly stainless steels, to insure ob- 
taining the requisite resistance to pitting. 

The results of all of the tests showed that 
q cavitation machine can be used to: 
= 


the accelerated- 


1 Make further investigations on the phenomena of cavita- 
tion. 

2 Test new materials and new techniques of application of 
materials for their relative resistance to pitting. 

3 Test samples of all special materials to determine their re- 
sistance to pitting to avoid the wide variation of these qualities 
— When the materials are obtained from different sources. 


Although items 2 and 3 constitute piactically a full-time test 
q program for an accelerated-cavitation machine, any suggestions 
: as to how it can be used for advancing the knowledge of the 
~ mechanics and phenomena of cavitation and pitting are wel- 

comed., 
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Brooklyn, N. Y. 

The cast-iron specimens for the tests with the chromate in- 
hibitor were supplied by the International Nickel Company, New 
York, N. Y. 

The author is indebted to these companies for making the facili- 
ties available for the tests, for furnishing test specimens, and for 


. 


permission to publish the test results. 
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Discussion | « 


T. Baumetster.* This is the kind of document which adds 
greatly to our store of knowledge on a problem which is by no 
means limited to the field of hydraulics, or more particularly, the 
hydraulic turbine. The hydroelectric engineer probably has 
recognized the problem of cavitation for a longer period than have 
most other engineers. Likewise, he has tried to do something 
about it. He has not stood by waiting for someone to develop a 
solution. 

This whole problem, however, of the aging and wasting of — 


metals is one to which we must address ourselves more aggres-_ 
sively. The design of boilers has been changed radically in the 
last few years because of fly-ash-erosion problems which were 


formerly nonexistent or not recognized. Cavitation on water- 


wheels is one thing, but so is cavitation on (a) centrifugal and 
axial-flow pumps; (b) at the entrance to tubes in closed feedwater 
heaters or surface condensers; or (¢) on rayon spinnerets. The 
examples are myriad. The pitting which results from cavitation 
must be met in a rational, practical way. 

‘The contribution in the author's work is appreciated. His 
meticulous studies show the many variables which can influence 


this phenomenon. The accelerated technique should be of value 


to designers and users of equipment. 

Criticism might be directed to the method, because it does not. 
It is in somewhat the same — 
testers; 


give absolute or thoretical values. 
category as grindability testing devices; hardness 
viseosimeters, and numerous other instruments. They all give 
The data obtained by the author’s method should 


prove equally valuable, and it is to be hoped that he will con- 


useful data. 


® Professor of Mechanical Engineering, Columbia University 7 
Consulting Engineer, American Gas and Electric Service Corporation, 
New York, N. 7. Mem. ASME 
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cerned with attempting to correct the ill effects of cavitation will 
have better assurances of success. : 

R. C. 
author's definition of cavitation may cause some confusion in the 
minds of some readers as to the difference between separation and 
cavitation. To the writer, cavitation, as defined, sounds more like 
separation, A more foolproof definition would be to state that it is 
& phenomenon occurring when the absolute pressure has been re- 
duced to or below the vapor pressure of the liquid being handled 


. So that the liquid flashes into the gaseous form, followed by a sub- 


sequent increase in pressure, resulting in a collapse of these 
cavities, Which may be termed an implosion (the opposite of an 
explosion), a destructive shock phenomenon resulting in reduced 
performance, noise, and pitting. j . 

The author's results show clearly that resistance to cavitation 
is definitely affected by the hardness of the materials, the harder 
materials being appreciably more resistant to cavitation. While 
not entirely confirmed by test, we have a somewhat conclusive 
suspicion that this is brought about by the finer grain size of the 
harder materials. It might be well to offer this as a possible ex- 


planation for this increased resistance with the harder materials. - 


and.draw forth some opinion on the subject which would be 
mutually helpful to the hydraulic profession in general. 


W. R. MacNamer.’ Another source of damage to hydraulic 
equipment which frequently combines with cavitation is erosion. 
This is usually not serious as long as clear water is used, but when 
water at high velocities also carries in suspension hard material, 
such as sand, damage can be very rapid and severe. . 

Such conditions are not uncommon in South America, where the 

‘Chief Engineer, Hydraulic Division, Fairbanks, Morse & Com- 
pany, Beloit, Wis. Mem, ASME. 

5 Assistant Supervising Engineer, Baldwin Locomotive Works, 
Philadelphia, P.: Mem. ASME 
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tinue and extend his researches so that those of us who are con-- 


The writer fears that as written the’ 


ARRANGEMENT OF EQuIPMENT POR TestiING Errect or HicH-Pressure IMPINGEMENT Ustna CLear Water AND TurRBID 
Water ror Erosive Errect 


volcanic nature of much of the country, plus a rainy season of 
heavy and prolonged rainfall, combine to carry off large quantities 
of very finely divided solids of an abrasive nature. 

The writer’s company and the Braden Copper Company have 
been engaged in a program of materials testing to evaluate both 
standard and new materials under cavitation and erosive con- 
ditions. 

The test program was carried out at the Pangal Plant of the 
Braden Copper Company, in Chile, where the nature of the water 
flow varies from cledr water in the dry season to water heavily 
laden with silt in the rainy season. 

By subjecting samples of various materials to a high-velocity 
jet of clear water, the resulting damage could be considered due to 
cavitation. During the rainy season, when turbid water was used, 
the rate of removal of test material was 5 to 10 times as great, and 
was no doubt due to etosion by the sand particles. 

Fig. 17, herewith, shows the arrangement of test equipment, 
with and without the jet in operation. 

A jet of water '/: in. diam under 650 psi pressure was directed 
against the test specimen. The angle between the jet and the 
test specimen was 15 deg. A hole '/, in. diam was purposely 
placed in each specimen at the point*of impingement to produce 
severe cavitation. The two spots on the specimen downstream 
from the hole are typical of the patterns produced by cavitation 
in the clear-water tests. When tests were made with turbid water, 
the damaged area usually showed a smooth, though irregular sur- 
face, quite different from the characteristic pockmarks of cavita- 
tion, 

For metals, the time of exposure to the jet varied from a few 
hours for the soft steels to 20 days for the hardest alloys. 

As might be expected, the hard, strong materials were most re- 
sistant to erosion as well as tocavitation. The Colmonoy alloys, 
mentioned by the author, were outstanding in their excellent re- 
sistance toerosion. In general, materials showing good resistance 
to cavitation in the clear-water tests also performed well under 
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It was noted, however, that 18-8 stainless steel, which resisted 
cavitation far better than mild steel, performed but little better 
when erosion was combined with cavitation. 
ability of 18-8 to work-harden was an important factor in this 
result. The repeated blows sustained under cavitation conditions 
may produce local work-hardening to a much greater degree than 
the cutting action of sand particles in the water. 

The straight chromium steels of about 14 per cent chromium, 
heat-treated, were especially good in resisting erosion. 

As tested here, rubber proved completely disappointing. Two 
samples, consisting of '/s-in. rubber, vulcanized to steel plate 
under factory conditions, were tested with clear water only. Each 
failed in less than 1 min. Each time a strong odor of burned 
rubber was ‘noticeable, and bits of rubber in the pit had the 
appearance of, being charred. It appears that impingement of the 
jet produced sufficient working of the rubber to cause destructive 
internal-heating. 

One unexpected variable developed in these tests when it was 
discovered that the rate of pitting and erosion varied with 
barometric pressure, low pressure definitely accelerating removal 
of material. 

It would be interesting to know if the author has detected any 
such correlation in his tests. Variation in barometric pressure 
would exceed considerably the variation in depth of submergence 


shown on the author’s Fig. 8, although whether the variations . 


shown there are due to the static-pressure change or variations in 
entrained air is not clear. 

It is noted that the author makes no mention of tests of hard 
steels other than the stainless varieties. Such tests would round 
out the study in so far as materials commonly available are con- 
cerned. 

At the present time there exists quite a gap between the ex- 
istence of highly resistant alloys and their practical use, due not 
only to cost, but to the difficulty of applying them to the surfaces 
to be protected. In some cases, the necessity of obtaining : 
reasonably smooth surface after application is a difficult require- 
ment. 

These problems no doubt will decrease as improved techniques 
in the handling of these materials are developed, leading to 
longer and more reliable performance of hydraulic machinery. 


H. 8. Van Partrer.’ It is most interesting to compare the 
cavitation damage rates reported by the author with those re- 
ported in 1937 by 8. L. Kerr and J. M. Mousson. The author 
shows much greater variations than found by Kerr with similar 
apparatus in the performance of particular materials from dif- 
ferent sources. The loss rate for stellite is only 10 per cent of the 
lowest and about 1 per cent of the highest loss rates for the various 
stainless steels, whereas Mousson, using Venturi-type equipment, 
reported losses with stellite to be of the same order as with stain- 
less steel. The author's results for aluminum bronze are some- 
what better than reported by Kerr, but the check is quite good, 
and the excellent performance of type 301 stainless steel checks 
well with Mousson’s findings. : 

The writer would appreciate some further comments from the 
author regarding his observation of the vapor bubbles at the 
specimen surface under stroboscopic lighting. Does one large 
bubble or a collection of small bubbles form over the area of 
damage with each upward movement of the specimen? What is 
the maximum size of these bubbles under the normal test con- 
ditions? 
observed by changing the phase of the light flashes gradually in 
relation to the movement of the specimen? 

The effects of increasing the submergence in the test liquid are 


® Chief Engineer, Hydraulic Division, 


Dominion Engineering 
Works, Ltd., Montreal, Can. Mem. ASME. ‘ 
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It may be that the © 


Can the complete or partial collapse of the bubbles be’ 
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rather surprising in degree if not in character. The writer sug- 
gests that the increase in damage area with increasing depth is due 
not to varying air content but to the greater inertia of the greater 
depth of water surrounding the specimen and supporting tube, 
which would reduce ihe rates of vertical and horizontal flow at 
the periphery of the test surface and allow the pressure over a 
larger area to drop below the vapor pressure, 

With reference to the author’s remarks concerning the effect of 
variation of the amplitude of vibration, it is indicated that tests 
were made under conditions which showed no pitting on some 
materials and measurable pitting on others. Has the author been 
able to determine the amplitude at which pitting begins for the 
various materials tested? This might give another measure of 
relative resistance to pitting, possibly bearing a closer relation to 
the performance under field conditions than the maximum rate of 
loss, 

The author states, “‘all of these tests indicate that for all weld- 
ing repairs and all prewelding of hydraulic turbine machinery, two 
layers of stainless steel should be used and if it is desired to obtain 
the maximum resistance to pitting, type 301 stainless-steel weld 
rods should be used.” This is a surprising statement considering 
the excellent results with single-layer 301 stainless, the Ampco 
bronzes, and stellite. 


B. G. Ricurmire.’ The experiments on the effect of amplitude, 
depth of immersion, and kind of liquid raise a number of interest- 
ing questions that the author has discussed qualitatively. In 
particular, he has suggested that air drawn in from the free sur- 
face reduces the damaged area more and more as the depth of im- 
mersion decreases. This explanation appears unlikely to the 
writer, for two reasons: (a) The air bubbles, which appear initially 
under the vibrating specimen, do not continue to form after dis- 
solved gas has been partially removed, as by an extended period 
of vibration. (b) At small depths of immersion the free surface of 
the liquid near the vibrator is elevated slightly, indicating a mean 
pressure at the rim of the specimen greater than that at the same 
depth in the distant liquid. 

In the writer’s opinion, the flow set up by the vibrator suffices 
to explain the observed effects of depth of immersion. This flow 
can be visualized by imagining the vibrating member to be re- 
placed by a pipe which alternately iniects and removes liquid. 
When removing liquid, the pipe acts approximately like a point 
sink, that is, the flow tends to be radially inward toward the open 
end of the pipe. On the other hand, when the pipe discharges 
liquid, a jet is formed, separated by a surface of discontinuity of 
velocity from the surrounding liquid. The rapid alternation of 
these two tendencies results in a general circulatory flow exhibit- 
ing a high outward velocity along the normal to the vibrating sur- 


face, and a low return velocity along the walls of the container, in’ 


accordance with the requirements of continuity. 
If the depth of immersion is small compared with the diameter 
of the vibrating member (!/s-in. immersion), the velocity field of 
this circulation will be as shown in Fig. 18(a) of this discussion. 
Fig. 18(b) shows the velocity field if the depth is large compared 
with the diameter (2-in. immersion). The chief difference be- 
tween these two fields is at the rim of the specimen, where the 
the tendency for separation when the specimen moves upward is 
obviously greater in Fig. 18(6). One would thus expect the 
damaged area to be greater, the larger the depth of immersion. 
Further tests along these fundamental lines can be planned and 
analyzed more effectively if the independent variables that are 
suspected to be of greatest importance are listed, and a dimen- 
sional analysis made. Thus one may assume here that for a 
7 Assistant Professor of Mechanical Engineering, Massachusetts In- 
stitute of Technology, Cambridge, Mass. Mem. ASME. 
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given air content and a given material, the independent variables 
are as follows: 


a = amplitude of vibration, in. 
f = frequency of vibration, eps 
p = density of liquid, Ib see?/in.! 
p — p, = difference between pressure at specimen and vapor 
pressure of liquid, psi 

vy = kinematic viscosity of liquid, in.2/see 

. d = diameter of specimen, in. 
hk = depth of immersion, in. alt 


ume loss of the material at the end of a given period of vibration, 
V. A dimensional analysis shows that one possible arrangement 
of the variables is 


V p P, fat d h 
a’ pPfra® v a a 
Iwo series of tests probing the effect of the first two dimension- 
less variables (cavitation number and Reynolds number) were 
made several years ago at M.L.T. It is hoped that the results will 
soon be released for publication. 


C. G. SourumMayp.* The test data presented by the author is a 
welcome supplement to the investigations undertaken by J. M. 
Mousson and 8. Logan Kerr some 12 vears ago, in the determina- 
tion of the resistance of various then available materials to the 
action of pitting. The advisability of, and necessity for, con- 
tinual research of this type, particularly in the appraisal of new 
The fact that it 
is possible to produce the phenomena of the cavitation in the 


materials and techniques, cannot be questioned. 


laboratory, and so closely to parallel field experience is of special 
interest to the writer. This is particularly so when the apparatus 
does not in any Way attempt to duplicate conditions under which 


whereby the effect of cavitation can be intensified and the relative 
resistance of different materials thereto appraised accurately. 

For many years it has been suggested that the destructive 
action of pitting is at least partially due to chemical activity of 
the gases within the cavities, but the present investigations ap- 


pear to confirm more recent theories which attribute the destruc- 
. tive action to mechanical forces alone. 

In the discussion relative to the effect of the depth of submer- 
gence of the specimen in the test liquid, attention is drawn to the 
tendency for air to be carried down along the side of the test but- 
ton and prevent the formation of cavities adjacent to the periph- 
ery of the specimen. Possibly tests undertaken in a pressurized 
chamber with constant depths of submergence but variable air 
pressure above the liquid would maintain a constant pattern of 
the pitting and so allow the loss of weight determination to give a 
true index of the benefit attained by increase of pressure at the 
Jocation of the disturbance. 


Canadian 
ASME. 


Division, 


Mem. 


Manager, Hydraulic Allis-Chalmers Ltd., 


Ine., Canada. 


Lachine, 


TRANSACTIONS OF THE ASME 


The dependent variable may be conveniently taken as the yol- ” 


cavitation is encountered in practice and yet affords a means - 
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When tests have been undertaken in the field to appraise the 
relative resistance of different materials to the destructive forces 
of cavitation on a single hydraulic turbine runner, it often has 
appeared that the application of stainless steel to the portions 
that are most seriously affected has a tendency to shift the posi- 
tion of “the affected area.”’ 


The apparatus discussed would 
provide a means whereby it should be possible to apply stainless 


steel to half of the specimen (a semicircle), and to determine 
whether or not there is a tendency fora distortion of the pattern of 


the pitted surface on the parent metal. Probably such is not the 


case—although the*premise is widely held. 

In general, the relative resistance of the materials discussed in 
this paper to the action of cavitation closely corresponds to con- 
ditions found during field investigations. The suggestion that 
“there is a difference in the minimum force required to produce 
pitting in different materials,” is most interesting, and the data 
supplied in Fig. 6 of the paper explains the apparent incon- 
sistencies of field tests, when in some cases the substitution of 
rolled stainless steel for cast mild steel entirely eliminates dest ruc- 


pronounced and yet in other cases the same stainless steel may be 
destroyed by this action (although at a considerably lower rate). 
The relatively small advantage attained by a high surface finish 
is also worthy of note. 

Perhaps one of the greatest contributions is the disclosure of 
the very pronounced relationship between the resistance of any 
This may 
account for the wide divergence of much data obtained in the field 
during tests undertaken on materials of exactly the same chemical 


material to pitting and the hardness of that material. 


composition under comparable operating conditions, The data 


presented in Fig. 13 are most pertinent. 


WILHELM SPANNHAKE.” 


tion by cavitation in locations where this condition has been = 


The consistent tests and their most 


-interesting and practically important results remind the writer of 


a series of experiments which he initiated at the Technical Uni- | 
versity of Karlsruhe, Baden, Germany, in 1939. They have been 

carried through by Dr. Hans Nowotny and were published in 

1942.10 
the relationship between the loss of weight and the time of ex- 
of the the attack. However, 
Nowotny found that the loss of weight distinetly began after a 


These tests gave similar results for the curves showing 


posure material to cavitation 
certain “time of incubation,” during which no loss of weight could 
be measured. For instance, with some sort of steel he found that 
during this incubation time, the material suffered about 6-106 
hits of collapsing bubbles. He believes that during this time the 
material changes its properties, especially under the influence of 
heat created by the numerous blows concentrated on very small 
He came to the conclusion that it is difficult to establish a 


general connection between the resistance against cavitation 


nreas, 


damage and the purely mechanical properties of materials as they 
ure found at room temperature. By the same reason he finds that 
those high static pressures, which many authors believe to be 
necessary for an explanation of the cavitation damage, and which 
they failed to measure by experiments, are actually not neces- 
sary 

Nowotny went still further in analyzing the details of the de- 
struction. He applied a very sensitive x-ray method, taking 
pictures not only of the various samples of material before and 
after cavitation, but also of the particles broken out of the sam- 
ple and fished out of the liquid. In this way he found that not 
only the grain structure was destroyed, but that even the single 


® Senior Research Scientist, Armour Research Foundation, and Ad- 
junct Professor, Illinois Institute of Technology, Chicago, Il 

Destruction of Materials by Cavitation,”’ by Dr. Hans Nowotny 
1942; 


(booklet in German), edwards Brothers, Ann 
Arbor, Mich., 1946. 
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grains were broken. The grains fished out of the liquid showed a 
distinct reduction in size. 

These few details out of Nowotny’s book have been given in 
order to demonstrate that the vibratory method is fit not only for 
practical purposes, but also for a very thorough basic investiga- 
tion in order to establish a consistent theory of the particular form 
of wear and tear inherent in the cavitation phenomenon. It 
might be possible that by means of such a theory we may some- 
time succeed in “constructing” that material which has the 
strongest resistance against the cavitation damage. : 

On the other hand, the writer would recommend not to abandon 
the other methods of creating cavitation such as that in Venturi 
tubes or around specially shaped bodies. It is still important to 
compare the effects of different kinds of cavitation. 

At the same time Nowotny made his experiments, the writer 
succeeded in creating in a high-power Venturi tube with a velocity 
of 250 fps in the throat, the same primary effects such as dis- 
coloring, and the like, after an exposure of the best steel for only 
30 sec. 

The scientists of both hydrodynamics and metallurgy should 
combine their efforts to clear this phenomenon of cavitation 
which has obtained so great an importance since high speeds are 
being applied more and more in so many fields of modern tech- 
nique. 

Any contribution out of the laboratories of the industry such as 
the author’s should be highly appreciated. 


AvuTuorR’s CLOSURE 


Mr. Baumeister’s statement that the accelerated-cavitation 
method does not give absolute or theoretical values is correct. 
Up to the present time the test results have all been relative. 
However, there is a possibility that as our knowledge of the 
mechanics of cavitation increases, absolute or theoretical results 
can be obtained. For the time being we have to use the cut-and- 
try method of selecting materials for highest resistance to pitting. 

The author does not agree with the limited definition of cavita- 
tion suggested by Mr. Glazebrook. It has been demonstrated 
experimentally" that actual voids or separations can be created 
in a liquid, and that the threshold of force required to create 
these voids varies with the gas content of the liquid and other 
factors. While the author's definition of cavitation could no 
doubt be improved, it should not be related to the vapor pressure 
of the liquid nor should it describe the details of some of the result- 
ing phenomena as recommended by Mr. Glazebrook. 
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Although tests on materials with varying grain size'? indicate 
that the finer the grain, the greater the resistance to pitting, 
there is no definite relationship between the hardness of a ma- 
terial and its grain size. However, fatigue strength is a determin- 
ing factor in the ability of a material to resist pitting, and since 
those with a high hardness usually have a high fatigue strength, 
it may Recount for the increase in resistance to pitting with in- 
creased hardness. 

Mr. MacNamee’s description of the tests to determine the 
resistance to erosion of various materials is very interesting. He 
should have sufficient data to warrant a separate treatise on this 
subject. 

No tests have ever been made to determine the effect of baro- 
metric pressure on the rate of pitting. However, there is definite 
proof that the rate of pitting varies with the temperature of the 
liquid (1),'* and it is generally accepted that this variation is due 


't “Apparatus and Techniques for a Study of Cavitation,” by F. G. 
Blake, Jr., Technical Memorandum no. 12, NR-014-903, Office of 
Naval Research, Department of the Navy, Washington, D.C. 

2 “Failure of Metal Due to Cavitation Under Experimental Con- 
ditions,"” by H. N. Boetcher, Trans. ASME, vol. 57, 1935, pp. 355 
360, 

Reference is to author's Bibliography. 
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to the change of the vapor pressure with temperature. There- 
fore it can be assumed that barometric pressure has « similar 
effect on the rate of pitting. 

The results of the tests which were made with different liquids 
are a further indication of the correlation between the rate ot 
pitting and vapor pressure. 
author as having been made with various concentrates of acids, 


These tests are described by the 


and oils to determine whether the rate of pitting was affected by 
corrosive liquids. At the time the paper was written there was 
Recently a caleu- 


lation was made on the vapor pressure of the liquids used in the 


no good explanation for the results obtained. 


Plotting the rate of pitting against the vapor pressure of 
the liquid showed a definite straight-line relationship. This rela- 
tionship is similar to the relationship Mousson (1)'? and No- 
wotny!® found in their tests by changing the temperature of the 
water, Fig. 19, herewith. 


tests. 
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The experiments by Mousson and the author were confined to 
the lower temperatures and vapor pressures, whereas Nowotny 
covered the entire range of temperature of water from freezing to 
boiling. 
with vapor pressures between 0.2 and 8.0 ft of water for compari- 


The author is now conducting experiments with liquids 


son with Nowotny’'s curve. 

The relationship between the rate of pitting and the vapor 
pressure of various liquids is very significant. It adds to our 
knowledge as to the nature of cavitation, and also indicates that 
there is a similarity between the cavitation produced by Mousson 
with a Venturi-tube type of machine and the cavitation produced 
with the vibratory machines. 

Mr. MacNamee calls attention to the fact that the only hard 
steels tested were stainless steels. Accelerated-cavitation tests 
on various alloyed steels were made by both Mousson (1)'* and 
Kerr (2)'* and time did not permit the duplication of all of their 
tests. 

In ‘comparing the relative rate of pitting of stellite to other 
materials, Mr. Van Patter should take into consideration that 
there are various types and grades of stellite. The author tested 
rolled stellite which had shown high resistance to erosion in a 
Mousson (1)'* tested both 
The welded stellites showed 


special erosion testing machine 
welded stellites and rolled stellites. 
losses from 3.4 to 10.8 cu mm, as compared to 0.9 to 2.8 cu mm 
for rolled stellites. This showed the large possible variation in 
the resistance to pitting of this material. 

With reference to the formation of vapor bubbles on the test 
specimen, the stroboscopic light used did not have the high 
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frequency necessary to stop the movement of the specimen, and, 
therefore, the exact bubble formation could not be observed 
in detail. The author refers Mr. Van Patter to an article by 
M. Kornfeld and L. Suvorov,'* which gives a detailed description 
of the bubble formation, as observed in connection with a vibra- 
tory machine. 

No tests have been made to determine at what amplitude 
pitting begins on various materials. However, this is an inter- 
esting subject and is scheduled for future investigation. ~ 

The author’s statement that two layers of type 301 stainless- 
steel weld should be used for repairing and prewelding hydraulic 
turbine machinery, was based largely upon the practical 
application of weldments. The stellite tested by the author 
was a rolled plate and not a weldment, and therefore is not par- 
ticularly suitable for repairs. Welded stellite is not practical 
because of its cost, and because it is difficult to grind and machine. 
There is very little information available at the present time on 
the performance of Ampco bronzes in field installations. Further- 
more, the application of Ampco bronze weldments is more difficult 
and requires greater care than stainless steel and cannot be applied 
overhead. 

Two layers of weld give a higher resistance to pitting and 
result in a better coverage of the welded surface than one layer. 
Also the first layer of stainless-steel weld on a mild-steel base 
has a tendency to become contaminated. Table 20 of this 
closure shows the chemical analysis of the weldments shown in 


TABLE 20 CHROME AND 
STAINLESS-STEEL 


Type of 
-——weld-rod material—— 
lst layer 2nd layer 
of weld of weld 
203 301 
201 308 
198 309 
204 301 301 
199 309 308 
202 308 308 
200 309 301 


CONTENT OF 


VELDMENTS? 


Specimen -—Content per cent— 
no. Cr Ni 


= 


® As shown in Table 12 of paper. 


Table 12 of the paper. This indicates how the use of one layer 
of weld decreases the chromium content of the weldment. With 
two layers, the surface of the weldment approaches more closely 
the chemical composition of the weld rod used. 

Mr. Rightmire gives a good explanation of the cavitation action 
at various depths of submergence. It is hoped that the results 
of the tests to which he refers will be published at an early date. 

Mr. Southmayd refers to the tendency for pitting to shift on 
hydraulic-turbine runners when repairs are made with stainless 

4@“On the Destructive Action of Cavitation,” by M. Kornfeld 


and L. Suvorov, Journal of Applied Physics, vol. 15, 1944, pp. 495- 
506. 
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steel. This can probably be explained by the fact that -th 
material erodes due to fatigue. Repairs are usually made only 
on the areas that have actually pitted and where the most sever 
cavitation occurs. However, in the surrounding areas wher« 


Fic. 20 Macutne, Visratory Type, 


AS ARRANGED FOR PERMANENT USE 


cavitation is not quité so severe the material has already been 
weakened due to fatigue and therefore sometimes starts to erode 
soon after repairs have been made to the other areas. 

Mr. Spannhake’s reference to Nowotny’s experiments is a 
valuable contribution. 


The accelerated-cavitation tests described by the author in 
the original paper were made with the temporary machine shown 
‘in Figs. 2 and 3. 
more permanent form as shown in Fig. 20, herewith. 


Since then this machine has been rebuilt in 
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Zero-Pressure Thermodynamic Properties 
of Some Monatomic Gases 


-By J. ‘A. GOFF,' SERGE GRATCH,? ano S. W. VAN VOORHIS,? PHILADELPHIA, PA. 


This paper presents definitive values of the zero-pressure 
thermodynamic properties of the stable naturally occur- 
ring isotopes and the normal isotopic mixtures of the fol- 
lowing monatomic gases: Hydrogen (H), helium (He), 
carbon (C), nitrogen (N), oxygen (QO), fluorine (F), sulphur 
(S), chlorine (Cl), argon (A), ‘bromine (Br), iodine (I), 
mercury (Hg). These values cover the range 100 to 5000 
deg R at the intervals indicated by the numbers in paren- 
theses: 100(5)1350(10)240(20)500(50) 1000(100)2000(200)5000. 
They have been computed by the methods of quantum sta- 
tistical mechanics from present best values of the relevant 
(a) general physical constants, (6) isotopic weights and 
fractional abundances, (c) spectroscopic data. Compu- 
tational accuracy well beyond present physical accuracy 
has been maintained for practical reasons, final results 
being given to seven significant figures. Present physical 
accuracy is indicated by charts of estimated uncertain- 
ties. For some'of the monatomic gases here considered, 
accurate ‘values of their zero-pressure thermodynamic 
properties hitherto have been unavailable; for others the 
data presented are the first based upon recent spectro- 
scopic and other input data to be made availabJe at tem- 
peratures sufficiently close for convenient practical appli- 
cation. ‘ 


“INTRODUCTION 


HE engineer will readily recognize the need of accurate 
information regarding the thermodynamic properties of 
some of the monatomic gases considered in this paper. 
Monatomic hydrogen is formed in appreciable concentrations in 
the atomic-hydrogen welding flame; helium seems destined to 
play an important role in nuclear-engineering developments; 
welding techniques have been advanced significantly through 
the use of argon and helium which therefore must be produced 
in increasing quantities; mercury is one of the working substances 
of the modern mercury power plant. ‘ 
The need for accurate information regarding the thermody- 
namic properties of other monatomic gases will be more and 
more strongly felt by the engineer as it becomes more and more 
necessary for him to take account of the limitations imposed by 
chemical equilibrium in combustion processes. In attempting to 
_ predict the composition of a gas mixture at chemical equilibrium, 
it is usual to assume no transmutation of atomic species. Under 
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2? Assistant Professor of Mechanical Engineering, Towne Scien- 
tifie School, and Project Leader, University of Pennsylvania Thermo- 
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2 Formerly Research Assistant, University of Pennsylvania Ther- 
ry modynamics Research Laboratory; now with The Lummus Company, 
New York, N. Y. 
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this assumption there are as many equations to be solved simul- 
taneously, at a given pressure and temperature, as there are 
distinct atomic species. If the concentrations of the monatomic 
gases are used as unknowns, the equations for equilibrium take 
the same form regardless of the particular problem to which they 
are applied—only the terms to be included as making significant 
contributions to the pressure, volume, enthalpy, and entropy of 
the equilibrium mixture are different (1).4 This suggests the 
importance of having suitable tables giving the thermodynamic 
properties of the monatomic gases for use in making chemical 
equilibrium calculations. 
THEORY 

The formulations on which modern tables giving the thermo- 
dynamic properties of gases are based rest firmly-on the zero- 
pressure values of the product pv, of the enthalpy A, and of the 
reduced entropy s + Rlogep as calculated from spectroscopic 
data by the method of statistical mechanics; direct experimental 
measurements are used only to extend these values to higher 
pressures. The general principles of the method have been 
summarized by Herzberg (2, 3) who alsé has reviewed the present 
state of our knowledge of the spectroscopic data for various com- 
mon gases. When this knowledge can be expressed by equations 
giving wave number F (cm~') as a function of certain quantum 
numbers which independently can take on all non-negative 
integral values within prescribed limits, the constants appearing 
in these equations are called ‘‘spectroscopic constants.” 

To each wave number £, there is assigned a definite energy 
hcE;, where h denotes Planck’s constant, and c the velocity of 
light in vacuo. Both EF; and hcE; are referred to alternatively 
as “energy levels.” To each set of values of the various quan- 
tum numbers corresponds a distinct quantum state; but there 
may be more than one, say, p;, distinct quantum states having the 
same energy AcE, in the absence of an external electric or mag- 
netic field. The first step in the calculations is to form the state 
sum or partition function Q, defined by 


—hck, /kT 1] 


Q= e 
where k is Boltzmann’s constant, ec. = hc/k is the so-called second 
radiation constant, and 7 denotes reciprocal absolute temperature 
T~'. The summation is to extend over all accessible energy 
levels E;. Values of the product pv, of the enthalpy h, and of the 
reduced entropy s + Rlogep are readily derivable from a know]- 
edge of Q as a function of pressure p and temperature 7’. 

In what follows it will be understood that the energy levels L;, 
are those that are strictly applicable only in the limiting case 
of “zero pressure’ where the effects of intermolecular forces 
vanish. In some of the gases here considered, translation is the 
only mode of motion that contributes appreciably to the parti- 
tion function Q up to 5000 deg R. 
tribution Qtrons is given by 


As is well known, its con- 


Qirane/nNo = 


Pp 


* Numbers in parentheses refer to Bibliography at the end of the 
paper. 
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where n is the, number of mols (on the chemical scale) of gas 
_ considered at absolute temperature 7’ and absolute pressure p, 
and where 1s the isotopic weight (also on the chemical scale) of 
the gus in question. The expression contains an additional gen- 
eral physical constant, namely, Avogadro’s constant No. The 
quantity Qrrans/mVo must necessarily be dimensionless, which 
means that the right-hand member of Equation [2] may also 
contain one or more cqnversion factors, depending upon the 
units chosen for temperature 7’ and pressure. p. : 

At all accessible temperatures for any gas, the partition func- 
tion Q splits into two independent factors, namely 


where Qint takes account of all internal energy levels. Possible 
contributions to Qin from nuclear spin and other intranuclear 
levels will be excluded in accordance with usual practice because 
they are completely unaffected by ordinary chemical reactions 
“not involving transmutation of atomic species. In the case of 
a monatomic gas the £; contain only its electronic energy levels 
which, besides the second radiation constant c = hAe/k, are the 
only sources of uncertainty in the determination of its internal 
partition function Qint. 

The simplest procedure to follow in deriving the various ther- 
modynamic properties of a gas from a knowledge of its partition 
function Q, as a function of pressure p and temperature 7’, is 
first to form its specific free enthalpy g, namely 


g = —RT loge (Q/nNo)............ [4] 


where R = kNo, except possibly for a conversion factor which 
may be regarded as exact by definition. Free enthalpy g is a 
characteristic function for the choice of pressure p and tem- 
perature 7’ as independent variables; from it the volume p, the 
enthalpy A, and-the entropy s can be derived by application of the 
following identical relations of thermodynamics: v = 0g/Op, h = 
O(rg)/O7r, and s = —0g/O7’, respectively. It is clear there- 
fore that no new constants subject to experimental error are 
introduced in the derivation. 


1 CRITICAL*EVALUATION OF INPUT DATA 
GENERAL Puysicat CONSTANTS 


In conformity with the practice of the authors’ laboratory, the 
1941 Birge (4) best values of the general physical constants have 
been used in all calculations of thermodynamic properties. While 
the present calculations were in progress, DuMond and Cohen (5) 
published a revision of some of the Birge values which they later 
(6) corrected for a slight error of their origin value of Planck’s 
constant A. Fortunately, the DuMond-Cohen revisions as cor- 
rected leave all of the general physical constants here considered 
wel within the Birge uncertainty limits. For this reason, and 
especially since DuMond and Cohen feel that experimental deter- 
minations currently under way ‘in various laboratories will soon 
warrant a systematic re-evaluation of the data, we have decided 
to retain the Birge values for the time being. Table 1 shows a 
comparison of the 1941 Birge and the 1949 DuMond-Cohen 
values of the general physical constants involved in the present 
analysis. 

As illustrated by the data in Table 1, DuMond and Cohen have 
been able substantially to diminish the estimated uncertainties 
of the best values of the general physical constants. It seems’ 
unlikely that these will be increased by the systematic re-evalua- 
tion of the data to be undertaken when experimental deter- 
minations currently under way in various laboratories will have 
been completed. Therefore we have decided to recalculate the 
uncertainties of our tabulated results in order to bring them more 
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TABLE 1 GENERAL PHYSICAL CONSTANTS 


Constant 1941 Birge 1949 Dumogd-Cohen 


No (1/gmol (6.0228; + 0.0011) 102 (6.0235 = 0.0004)107 
k (erg/°K) (1.38047, = (1.38082 0.00011)10~-" 
e (cm/sec) * (2.99776 0.00004) 10 (2.99776 0.00004) 
h (erg sec) (6.624 0.0024)10 © (6.6237 
(em °K) 1.43845 = 0.0003; 1.43853 0.00019 


+ 
R (erg °K gmol) (8 31436 = 0.00038)10° (8.31436 = 0.00038) 10° 


Nore: gmol denotes a unit of weight of VW grams, where WM is molecular 
weight on the “chemical” scale 
nearly into line with the DuMond-Cohen uncertainties of the 
general physical constants, at the same time retaining, however, 
the 1941 Birge best values. 
Isororic 

As can be seen from Equations [3], [4], the correct expression 
(3/2)RT 
loge. where M denotes the isotopic weight of the gas in question. 


for specific free enthalpy g contains the additive term 


In engiheering it is customary to express these weights as num- 
bers on the so-called chemical scale on which the apparent 
molecular weight of the normal isotopic mixture of diatomic oxy- 
gen is arbitrarily assigned the value 32. In general, the most 
accurate determinations of isotopic weight are those based upon 
measurements of close doublet separations by means of modern 
linear-scale mass spectrographs of high resolution. The direct 
determinations are always expressed as numbers on the so- 
called “physical” scale on which the isotopic weight of mon- 
atomic oxygen O'* is arbitrarily assigned the value 16. A 
numeric on the physical scale bears a definite ratio to the cor- 
responding numeric on the chemical scale, this ratio being a con- 
stant which has to be determined experimentally. Dumond and 
Cohen accept Birge’s best value, namely 


r = 1.000272 + 0.000005 


as, of course, do we. 

As mentioned previously, the most accurate determinations of 
isotopic weight are usually those made with the mass spectro- 
graph. For the technically important monatomic gases here 
considered, except in the case of one or two of the less abundant 
isotopes, nuclear-reaction determinations serve only as cheéks. 
In the mass spectrograph a beam of molecular (or atomic) ions is 
focused on a photographic plate, the location of the point of 
focus depending on the ratio of the mass to the electric chatge of 
the ion. Two different ions, having neighboring values of this 
ratio, form-on the photographic plate a close doublet, the separa- 
tion of which yields a determination of the mass difference be- 
tween the two ions when proper account is taken of the fact thiat 
their electrie charges can differ only by integral multiples of the 
unit electric charge. The very slight effects of ionization and 
compound formation per se are negligible and well beyond the 
ability of the mass spectrograph to detect. ; 

In mass-spectrographie work, all masses are compared di- 
rectly or indirectly with that of monatomic oxygen O'8 which is 
taken to be exactly 16 by definitjon. The first step is a direct 
determination of the masses of monatomic hydrogen H', deuter- 
ium H?, and carbon C'!? 
compare the masses of other isotopes. Recent precision deter- 


to be used as substandards with which to 


minations of the masses of the isotopes of interest here have been 
carried out principally by Aston in 1936-1937, by Bainbridge and 
Jordan in 1936-1938, by Mattauch in 1936-1938, by Okuda, et al, 
in 1939-1941, and by Ewald in 1945-1946. In 1940-1941 Jor- 
dan reported preliminary results from a new mass spectrograph of 
greater resolving power and dispersion than were accessible to 
previous workers (7, 8). 

The most recently published critical evaluations of existing 
data on isotopic masses are those of Livingston and Bethe (9) 
in 1937, of Birge (4) in 1941, of Fliigge and Mattauch (10, 11) 
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in 1942 and 1943, of Aston (12) in 1942, of Cohen and Hernyak 
(13) in 1947, and of Bainbridge (14) in 1948. These evaluations 
seem to justify retention of the 1941 Birge (4) best values of the 
isotopic masses, at any rate for H', H?, Het, C!2, N18, 
O", O81; at the same time they seem to allow substantial 
diminution of Birge’s probable errors or uncertainties. 

Another critical evaluation of existing data on isotopic masses 
not referred to in the foregoing, was published in Japanese by 
Okuda (15) in 1942. We have reason, however, to question the 
mass determinations of the Japanese workers (15, 16, 17, 18, 19, 
20, 21, 22). 
their important determinations than do other workers, even 
though they used a mass spectrograph of higher resolving power. 


For one thing, they claim less accuracy for some of 


They made no check on the internal consistency of their ground- 
doublet separation determinations. Their values (679.3 + 
0.7)10~* and (693.0 + 2.3)10~* for the mass-difference separa- 
tions of the doublets C,'*H,! — and C,;!2H,! H'A*, respec- 
tively, are inconsistent. Their determinations of the masses of 
the two strongest nickel isotopes would assign to each an appre- 
ciably different packing fraction, which Aston (12) states ‘ ; 
is an unexpected result of great interest, if it isconfirmed.” Their 
values (191.1 + 0.7)10~4, (246.7 + 1.7)10-4, and (421.7 + 
0.9)10~* for the mass-difference separations of the doublets 
QO, '6 S32, Cl®, and 
differ appreciably from those of Aston (12), namely, (177 + 
3.2)10~*, (225 + 7)10~4, and (412 + 7)10-*. Since we do have 
some question regarding the Japanese workers’ determinations 
we feel obliged to disregard them and to disregard also the Fliigge 
and Mattauch (10) values of the isotopic weights of S*, 85, 8%, 
S*, Cl®, Cl which have been based on these determinations. 
We will discuss in some detail the isotopic weight values that 
we have decided to accept for our present purposes. 


=, 
Hydrogen. We accept the 1941 Birge values, namely é 
= 1.00813 + 0.000017 
H? = 2.01473 + 0.000019 
Helium. For He’, Livingston and Bethe (9) have obtained the 


value 3.01707 + 0.00012 from an analysis of the nuclear reaction 
H*(d,n)He*; Fliigge and Mattauch (11) have obtained 3.016988 
+ 0.000020 from an analysis of the nuclear reactions H%(d,n)He® 
and Li p,a)He*; Bainbridge (14) has obtained the value 
3.017016 + 0.000032 from an analysis of various nuclear-reac- 
tion and mass-spectrographic data. The last of these seems to 
us to be the best value available and we therefore accept it 
along with the 1941 Birge value of the Het mass; thus we accept 

He® = 3.017016 += 0.000032 

He* = 4.00389 + 0.00007 


Carbon. We accept the 1941 Birge values, namely 


C'? = 12.00386 + 0.00004 

= 13.00761 + 0.00015 
Nitrogen. We accept the 1941 Birge values, namely 

N'* = 14.00753 + 0.00005 

N® = 15.0049 + 0.0002 


Oxygen. We accept the 1941 Birge values, namely 
17.0045 

(no uncertainties given ) 
18.0049 


Ov = 


O' = 


Fluorine. Aston (24) has obtained the value (183.3 = 2.6)107¢ 


for the mass-difference separation of the doublet O'*H?H! 
Combined with mass values already accepted this gives 


= 19.00453 + 0.0003 


which we regard as the best value presently available. 


- Cl, respectively, 


Sulphur. We accept Aston’s value for 8**. Fligge and Mat- 
tauch (11) have determined the mass of S** from an analysis 
of the nuclear reactions 8*°(d,p)S** and C1*(d,a)S** using the 
values of Okuda, et al (18), for S*? and Cl}; 
value as the only one available at present, not bothering to cor- 
rect it to strict consistency with our accepted values for S*? and 
Cl* because the concentrations of 8** with which we have to deal 
are so very small. 


we accept their 


For 5** we accept the Livingston and Bethe 
(9) value, which happens to agree closely with that of Okuda anu 
Ogata (16, 22), as corrected by Fliigge and Mattauch (11). For 
5** the best we can do is infer a value from Fligge and Mat- 
tauch’s estimate of its packing fraction, namely, —6.5, since 
there are no mass-spectrographie or nuclear-reaction data to go 


‘on. Ouraccepted values are 


= 32.98014 0.00040 

= 33.978 =0.0020 
S* = 35.977 + 0.002 


Chlorine. We accept Aston’s (25, 33, 12) value for Cl® which 
happens to be in good agreement with that of Okuda, et al (18), 
as corrected by Fliigge and Mattauch (11), namely, 34.97884 + 
0.00019, with that of Livingston and Bethe (9) obtained from an 
analysis of the nuclear reaction S°*(a, p)Cl®, using Aston’s value 
for 5**, namely, 34.9803 + 0.00060, and especially with that of 
Gibert, Roggen, and Rossel (23), namely, 34.98054 (no uncer- 
tainty given). We also accept Aston’s (25, 12) value for Cl”, 
although it disagrees somewhat with that of Livingston and 
Bethe (9), namely, 36.9779 + 0.0012, based upon his value for 
S*; also with that of Okuda, et al (18), as corrected by Fliigge 


and Mattauch (11), namely, 36.97769 + 0.00010. Our accepted 
values for chlorine are 


Cl® = 34.9808 = 0.0007 
Cl)" = 36.9785 = 0.0008 


We accept Aston’s (26, 12) value for A** as deter- 
mined from the mass-difference separations of the doublets }A% 
— O'8H,' and A** 
Fligge and Mattauch (11) obtained in roundabout manner from 
nuclear-reaction data, namely, 35.97790 += 0.00040. 
Fliigge and Mattauch’'s value for A® which agrees well with that 
of Livingston and Bethe (9), namely, 37.974 = 0.0025, but is 
Following Aston (12), 
Mattauch’s 1938 value for A* (27), even though the latter sub- 
sequently has revised his substandards somewhat (28) so that, 
strictly speaking, the 1938 value should be revised correspond- 
ingly, except that the original substandards were in closer agree- 


Argon. 
- C; which happens to agree with that of 


We accept 


based on more recent data. we accept 


ment with the Birge values already accepted. Our accepted 
pted. Our accey 


values for argon are 4: 


A%® = 35.9780 - = 0.0010 
A® = 37.97461 = 0.00030 
A® = 39.97564 = 0.000154 


Bromine. We accept Aston’s (29, 30) values for Br? and Br*! 
as the only ones presently available. His determinations were 
based upon the observed mass-difference separation of the doub- 
let 4Br™® — 2Xe!? and on the assumption of equal packing frac- 
tions for Br® and Br7’. He had previously determined pro-. 
visionally the mass value of Xe!*? (31) from an unsatisfactory 


overlapping doublet and from comparison with the mass value | 


of Xe", In 1942 he (12) brought his value up to date by cor- 
recting it for changes in his substandards. Our accepted values — 
for bromine are 


Br? = 78.9415 + 0.0020 
Br®! = 80.9401 + 0.0020 
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Jodine. Aston (32) reported in 1927 that he had found I"*" to 
have the same packing fraction as Xe’, namely, —4.1. This 
is the only mass-spectrographic evidence regarding the mass of 
Accepting his-provisional value for Xe'*? (31), a value of 
126.948 would be computed for I". Birge (4) derives the value 
126.915 + 0.004 (on the chemical] scale) from available chemical- 
reaction data, it is directly applicable to I'*, the only stable iso- 
tope of iodine. Mainly for the sake of consistency but also be 
cause Aston’s value seems somewhat doubtful, we accept the 
Rirge value, namely 


I’? = 126.915 = 0.004 (chemical scale 


Mercury. Published data on the masses of the mercury iso- 
topes are meager and lacking in precision. In 1937 Aston (33 
gave a provisional value of +1.4 for the packing fraction of 


fundamental substandards through and subse 
quently, he revised this value to +1.7 to accord with revisions in 
the substandards themselves (12). In his 1927 report, Aston 
32) states that the mass intervals of the mercury isotopes can 
hardly be distinguished from unity. If we accept this statement 
and assume the same packing fraction +1.7 for al] the isotopes, 
and if we accept the data on fractional abundances given in 
the “Fifth Report of the Committee on Atoms of the Internationa] 
Union of Chemistry,” 1940 (34), we obtain the value 200.59 (on 
the chemical scale) for ordinary mercury which compares wel] 
with the value 200.61 given in the “Thirteenth Report on Atomic 
Weights of the International Union of Chemistry” (35), based 
on chemacal-reaction data. While this favorable comparison 
is HOt convincing evidence of the accuracy of the mass-spectro- 
graphic determinations, stil] the Aston mass (12) values suffice 
for our purposes because larger errors can be tolerated in the 
case of mercury. We have used the following values: 


He™ = 196.083 = 0.02 
Hg = 198.034 = 0.02 
Hge™ = 199.034 = 0.02 
He™ = 200.034 = 0.006 
He™ = 201.034 = 0.02 
Hg™ = 202.034 = 0.02 
a He™ = 204.035 = 0.02 


We conclude our discussion of isotopic weights by listing in 
Table 2 some recent values by Cohen and Hornyak (13), Bain- 
bridge (14), and Ewald (36, 37) for some of the lighter elements 
Undoubtedly, these are more precise than the ones we have ac- 
cepted as just noted, but'we have not attempted to use them be 
cause it would hardly be feasible for us to do so in a thoroughly 


comsistent Wa 


lsoTror® ABUNDANCES 


Ordinary oxvgen, for example, is a mixture of the six different 
isotope molecules that can be formed from the isotopes 
OF, O* The atom fractions, or fractional abundances, of these 
isotopes in the muxture have been determuned to be 0.99763. 
0 00040, 0.00197, respectively. Using the isotopic weights pre- 
viously adopted, namely, 16, 17.0045, 18.0049, respectively, we 
readily compute the value 32 0970 for the apparent molecular 


TRANSACTION 


Hg”, based upon a somewhat doubtful comparison with the: 


TABLE 2 SOME NEWER VALUES OF ISOTOPIC WEHIGHT 


lsotope Cohen-Hornvak Rainbridge Ewald 
Rt 2 014718 = 0 00005 2 0147186 = 0 A000: 
Re? 017016 = 6 
e He« 4 OOSS8H 0 
12 OO8847 = 0 000016 * 12.008856 = 0 ON0019 
18 OO7581 = 
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weight of ordinary oxygen on the physical scale. Its apparent 
molecular weight on the chemical scale is exactly 32 by definition, 
whence the value 1.000272 for the ratio between corresponding 
values on the two scales 

We require information regarding the isotope abundances of 
other normal isotopic mixtures. Existing data have been re 
viewed critically and evaluated by Livingston and Bethe (9 
in 1937, by the Committee on Atoms of the Internationa] Union of 
Chemistry (34) in 1940, by Birge (4) in 1941, by Aston (12) mm 
1942, "by Flagge and Mattauch (11) in 1943, and by Seaborg and 
Perlman (38) in 1948.. We accept the 1941 Birge values for 
hydrogen, carbon, nitrogen, and oxygen: In this connection it 
may be well to mention that the isotope abundances of ordinary 
oxygen have been investigated recently by Thode and Smith 
(39) and by Urey (40); who have detected significant variations 
among samples obtained from various sources. For helium we 
accept the values of Aldrich and Nier (41, 42) dpplicable to well 
(natural-gas) helium. For fluorine, sulphur, chlorine, argon, 
iodine, and mercury, we accept the “Fifth Report of the Commit- 
tee on Atoms of the Internationa] Union of Chemistry” (34) 
values with uncertainties estimated from the Seaborg and 
Perlman (38) dats, and with Nier’s (43) value of the fractional 
abundance of S* in ordinary sulphur. The isotope abundances 
of argon have been investigated recently by Dibeler, Mohler, and 
Reese (44), whose results agree fairly wel] with those of Nier (45), 
which im turn do not dispute the values accepted here within the 
accuracy given. The isotope abundances of bromine have been 
investigated recently by Williams and Yuster (46) and by 
White and Cameron (47) with almost identical results: we ac- 
cept those of the latter investigators because of thei? somewhat 
smaller uncertainties. 

We conclude this brief discussion of isotope abundances by 
listing in Table 3 the values we have, decided to accept for our 
present purposes. 


TABLE 8 FRACTIONAL ACCEPTED FOR USE 


0 9998551 = 0. Q000022 ci 0754 0018 
H* 0001449 = 0. ci 0.266 = 0 0018 
He? = 0 .. 0 0031 = 0 @00088 
He‘ 999099084 = 0 A= 00006 = 0 
A# 0 9963 = 0 000054 
ce 0 98925 = 0 
0.01075 = 0 00024 Br® . 0 = 0 0006 
0 4942 = 0 0006 
= 0 Hg 0015 = 0. 000055 
or = 0.1 = 0 0016 
© = 0 00004 0 = 0024 
He™ 0 2 0 0029 
Fe 1 Hg” 0 
Hg™ 0 = 002) 
0-953 ° = O10 He™ = 0 0011 
0 042 =f 


Spectroscoric Data 


— Fork 


lf im the expression = we replace the with the 
differences: Z, Ey, where Ly is & constant for the gas in ques- 
tion, we merely augment Q by the factor e”**, diminish the free 
enthalpy g and the enthalpy h by a constant amount NwhcEy, but 
leave the entropy s unaltered. Furthermore, if for the mon- 
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atomic gases here considered Ey is understood to denote the 
energy of the ground electronic state so that E; > Ep for all other 
electronic levels, then NohcE) may be identified as the amount 
contributed by the electronic levels to the null-point (7 = 0, 
p = 0) energy @ of the gas in question. We have ascertained 
by preliminary calculations that for all gases considered here, 
separations E; — EK» exceeding 50,000 reciprocal centimeters 
(cm~') cannot affect our final results and therefore may be dis- 
regarded. In the case of hydrogen, for example, the next to 
the lowest electronic energy level lies some 82,000 cm~! above 
the ground level so that we may, within the accuracy of our final 
results, take Qine = poe~"**, where po is the statistical weight 
of the ground level. It is well known that po = 2 (exactly) for 
hydrogen, and we absorb the constant / in the null-point energy 
au; hence no detailed discussion of the spectroscopic data for 
hydrogen is necessary for our purposes. 

Regarding the spectroscopic data for the other gases considered 
here, no general statement can be made at present. Among sev- 
eral excellent reviews of existing data are those of Bacher and 
Goudsmit (48) in 1932, of Robinson and Shortley (49) in 1937, 
of Shenstone (50) in 1938, of Moore (51).in 1945, of Meggers (52) 
in 1946, and of Moore (53) in 1948. These reviews serve as 
excellent guides to the literature, the first and last of them pro- 
viding extremely useful tables of energy levels also. We proceed 
on the basis of this and other information separately to discuss 
each atom considered here. 

Hydrogen. The ground state is a 1s :4S1/, state (48) with po = 
2, the next higher level lying some 82,000 cm~! above it. 

Helium. The ground state is’a 1s* : 4S state (48) with po = 1, 
the next higher level lying some 160,000 cm~! above it. 

Carbon. The ground state is a 1s*2s*2p? :*P, state (48) with 
po = 1. The only low-lying levels are the 2s*2p? :*P,'D,'S and 
the 2s2p*:*S states, the next higher level having been rather 
definitely established as lying some 60,000 cm~! above the 
ground level (54). Until recently the location of the 5S state 
was in doubt, but Shenstone (55) has now obtained direct ex- 
perimental evidence placing it at 33,735.2 + 0.1 cm™~! above 
the ground state; he has also confirmed the findings of Chula- 
novskil and Mokhnatkin (56) regarding the locations of the 
'P, and the *P, states. Edlén (54) has confirmed the values of 
Bacher and Goudsmit (48) for the locations of the +. and the 'Sp 
states. We have based our calculations for carbon on the fol- 
lowing data: 1(0.0); 3(16.56 + 0.1); 5(43.47 + 0.1); 5(10192 + 
1); 1(21647 = 1); 5(33735.2 + 0.1); 1(60331.3). The number 
before the parentheses is the statistical weight p,; of the level 
Whose separation FE, Ey from the ground level is given within 
the parentheses in reciprocal centimeters (em~'). 

Nitrogen. The ground state is a 1s?2s?2p*:4S%,), state (48) 
with po = 4. The only low-lying levels are the 2s?2p3 ; 2/)°,2P° 
states,-the next higher level lving some 83,000 em! above the 
ground level. The most reliable data on the are spectrum of 
nitrogen appear to be those of Ekefors (57), who was the first 
to detect the predicted splitting of the ?D° levels. Others (58, 
59, 60) have confirmed his results (on the splitting of the 2° 
levels) and, in addition, have confirmed the prediction that the 
splitting ofthe ?/° levels is quite small; it is of no interest to us 
here because it does not improve the accuracy of Ekefors’ data. 
A brief analysis of the recent work of Kamiyama and others 
(61, 62, 63) suggests that their apparatus was incapable of re- 
solving the 7° levels and that, therefore, a detailed analysis would 
be unlikely to locate the low-lying levels more accurately than 
do the data of Ekefors. We-have based our calculations for ni- 
trogen upon the following data: 4(0.0); 6(19223 + 2); 4(19231 
+ 2); 6(28840 += 2); 2(83285.5). 

Oxygen. The ground state is a 1s?2s?2p‘;4P, state (48) with 
Po = 5. The only low-lying levels are the 2s?2p* : *P,,3Po,"De,'Do 


_ the low-lying levels. 


states, the next higher level lying some 74,000 em~! above the 
ground level. The latest and most reliable data on the are spec- _ 
trum of oxygen have been given by Edlén (64) in an excellent — 
review article. We accept his values for the low-lying levels, 
assigning approximate uncertainties which we feel sure are of the 
right order of magnitude. Thus we have based our calculations 
for oxygen upon the following data: 5(0.0); 3(158.5 * 0.1); _ 
1(226.5 0.1); 5(15867.7 0.1); 1(33792.4 0.2); 5(73767.8). 

Fluorine. The ground state is a 1s*2s*2p5:2Ps/,° state (48), 
with po = 4. The only low-lying level is the 2s*2p* : *P1,,° state, — 
the next higher lying some 102,000 cm~! above the ground level. — 
The most recent and probably the best data on the ultraviolet- _ 
are spectrum of fluorine are those of Edlén (65) which we accept. 
It may be well to mention, however, that Edlén has redetermined _ 
the separation of the 2p*:*P®, , 1, levels to be 404.0 em~', which 
differs slightly from Bacher and Goudsmit’s (48) value of 407.0 
cm~', obtained from Dingle’s (66) evaluation of Bowen's (67) 
data. . The very recent data of Lidén (68) are not concerned with 
We have based our calculations for fluorine 
on the following data: 4(0.0); 2(404.0 = 0.5); 6(102406.50). 

Sulphur. The ground level is a 1s2s*2p"3s*3p* : *P, state (48) 
with po = 5. The only low-lying levels are the 3s73p*:*P,'D,'S 
and the 3s*3p*4s :5S,° levels, the next higher lying some 72,000 
em~! above the ground level. Bacher and Goudsmit (48) give 
values for the and the 3p*(4S)4s :8S,° levels based on 
the data of Hopfield (69), of Bungartz (70), and of Hopfield and 
Dieke (71). More recent investigations are those of Frerichs 
(72), of Meissner, Bartelt, and Eckstein (73), and of Ruedy 
(74, 75). In 1936, Bowen (76) revised Ruedy’s (75) value of the 
'So level in order to align the p‘ configurations better with those 
of other similar atoms. Robinson and Shortley (49) disagree 
with this revision, but Edlén (77) has adduced rather convincing 
evidence in favor of it. We have decided to accept Ruedy’s 
values as revised by Bowen, because they appear to be the most 
accurate direct determinations of the low-lying levels, and es- 
pecially because they have been carefully checked by Edlén. 
We have based our calculations for sulphur upon the following 
data, the uncertainties given being only approximate: 5(0.0); 
3(397.2 = 1); 1(574.7 = 0.5); 5(9239.8 = 0.5); 1(22182.2 = 1);_ 
5(52623.8). 


Chlorine. The ground state is a 1s*2s*2p%3s*3p5:*Ps ,° state (48) 
with » = 4. The only low-lying level is the 3s*3p*: ?7:/,° level, 
the next higher lying some 72,000 cm~! above the ground 
level. The latest reported work on chlorine is that of Kiess (78) 
which, however, does not evaluate the term; for this we 
must rely on Turner (79) even though his data are not as accu- 
rate as might be wished. We have based our calculations for 
chlorine upon the following data, the uncertainty given being 
only approximate: 4(0.0); 2(881 * 3); 6(71954.00 
The ground state is a 1s*2s*2p%8s*3p*:'S) state (48) 
with po = 1. The next higher level almost certainly lies some— 
93,000 em~' above the ground level, such large separations being» 
characteristic of the inert gases as remarked by Herzberg (80). 
Bromine. The ground state is 
*Ps/,° state (48) with po = 4. The only low-lying level is the 
4s*4p*:?P.,° level, the next higher lying some 63,000 em~! above | 
the ground level. 


Argon 


The latest reported work on bromine is that 


of Kiess and de Bruin (81) which, however, does not evaluate — 


the *P1/, term; for this we must rely upon Turner (79). We 
have based our calculations for bromine upon the following: 
data, the uncertainty given being only approximate: 4(0.0); 
2(3685 += 3); 6(63000) 

The ground state 1s 
5s*5p*:*Ps/,° state (82) with po = 4. The only low-lying level is_ 


the 5s*5p*:*P1,,° level, the next higher lying some 54,000 cm a] 
of 


Todine. 


above the ground level according to what evidence is available. 
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The most recent and probably the best data on the are spectrum 
of iodine are those of Murakawa (82) which are supported by the 
earlier work of Turner (79), of Evans (83), of McLeod (84), and 
of Hellerman (85). 
on the following data, the uncertainty given being only approxi- 
mate: 4(0.0); 2(7602.7 + 1); 6(54630.0). 

Mercury. The ground state is a 
4f'*5s?5p%Sd'"6s?:'S. state (48) with po = 1. The only low- 
lying levels are the 6s6p:°Po,.° levels, the next higher lying 
some 54,000 cm™! the ground level. These low-lying 
levels have been very accurately located by Fukuda (86), by 
Stiles (87), and by Foote, et al (88), respectively, whose data 
we accept. Thus, we have based our calculations for mercury 
on the following data: 1(0.0); 1(37641.97 + 0.7); 3(39412.25 + 
0.3); 5(44039.21 3(54065.7). 


above 


2): 


2 WORKING TABLES WITH ESTIMATED 
UNCERTAINTIES 


CALCULATION OF THERMODYNAMIC PROPERTIES 


r., From previous statements in this paper, it is clear that specific 


free enthalpy gis given by the expression 
p 


We replace the factor e~ @"”" with unity, knowing that we thereby 
merely diminish the free enthalpy g and the enthalpy A by the 
constant amount Nohcko, which we absorb in the null-point 
(T = 0, p = 0) energy a, without affecting the entropy s. We 
introduce the so-called characteristic temperatures 


and define the dimensionless temperature functions 


a = 


Finally, using the 1941 Birge (4) values of the general physical 
constants, together with the conversion factors 1.8 °R/ °K and 
1,013,246 dyne/em? atm, we derive ; 


3 
logep — (g — &)/RT = — 5.13397, + > logeM 


= logel’ + logea. .. [8] 
in which pressure p is to be expressed in international atmospheres 
(atm) and temperature 7’ in degrees Rankine (°R). In Equa- 
tion [8] it is understood that M denotes isotopic weight on the 
chemical scale. 

As mentioned previously, free enthalpy g is one of the char- 
acteristic functions of thermodynamics when expressed in terms 
of temperature 7 and pressure p as independent variables. 
Applying to Equation [8] the identical relations » = 0g/dp, 
s = —0g/0T’, h = O(gr)/dr, and the definition c, = we 


easily derive — 
i 


(pv)p=0 = RT 


3 5 
[s/R + logep]p =0 = —2.63397; + logeM + loge? | 


¥ >. . (9) 
+ logew + B/a | 


((h — a@)/RT Jp = 5/2 + B/a 
[c,/R]p=o = 5/2 + v/a — (B/a)? } 


We have based our calculations for iodine 
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In each of Equations [9] the subscript p = 0 has been affixed 


to the Jeft-hand member in order to emphasize that the expression 
is valid only in the absence of intermolecular forces, that is to 
say, it is valid only in the limiting case of zero pressure. The 
first contains the theory of the practical realization of absolute 
temperature, 7’. The quantity in brackets on the left of the 


second expression is what we call “reduced entropy,” s + R logep . 


divided by the gas constant R. The third is an expression for 
“mean isobaric specific heat’? (kh — a)/T except that, strictly 
speaking, the null-point energy @ should be replaced by the null- 
point enthalpy h which exceeds @ by a finite, though for our pur- 
poses, negligibly small amount. The fourth is an expression for 
the “instantaneous isobaric specific heat,’ c,. The fact that 
none of Equations [9] is valid at extremely low temperatures, say, 
below 0.01°R does not concern us here. 

To illustrate the use of Equations [9], we shall apply them to 
the case of monatomic hydrogen H! at 1000°R. For H': M = 
1.00813/1.000272; po = 2; 6 = 0; all other @; being negligibly 
high at the temperature in question, a = 2and8 = y =0. We 
readily compute: 3/2 = 0.011735; 5/2 loge7’ = 17.26938,; 
loge a = 0.69314. 
pressure 


s/R + logep = 15.34029s 
(h — a)/RT 2.5 
c,/R = 2.5 


Unir oF ENERGY 


There has been much discussion of late on the bothersome 
question of the calorie, which discussion Keenan (89) has sum- 
marized in a memorandum to members of the ASME Special 
Research Committee on Properties of Gases and Gas Mixtures. 
Prior to 1929, a large number of different kinds of calorie were in 
use, the circumstances surrounding the development of thermo- 
At the First Inter- 
national Steam Tables Conference held in London, England in 
1929, the question of removing this confusion was discussed at 


dynamics being intolerably confused thereby. 


‘length, and it was unanimously decided to adopt and promote the 


use of a single calorie, to be called the International Table calorie 


(IT eal), defined as 1/860 (mean) international watthour. This 
was the first unit of its kind to have international sanction. The 
conference which defined it included among its members: Prof. 


H. L. Callendar, the acknowledged British expert on the prop- 
erties of steam; several representatives of the German Physikal- 
isch-Technische Reichsanstalt; delegates from Czechoslovakia; 
and an American delegation including Dr. N. 8. Osborne and 
Dr. H. C. Dickinson, both of the U. 8. Bureau of Standards. In 
all subsequent publications dealing with the thermodynamic prop- 
erties of steam, from virtually all sources throughout the world, 
including the U. 8. Bureau of Standards, either the International 
Table calorie or the international electrical unit in terms of 
which it was defined, was used. 

Unfortunately, the efforts of the First International Steam 
Tables Conference to promote the use of a single calorie have not 
In 1930 Dr. E. W. Washburn of the 
U. 8. Bureau of Standards proposed to the Commission on Ther- 
mochemistry of the International Union of Chemistry that the 
Commission agree to use a different calorie defined as 4.1833 
international joules in order to preserve as many as possible of 
the numerical values given in International Critical Tables (90) 
in terms of a calorie defined as 4.185 absolute joules.. ‘This so- 
called artificial or thermochemical calorie (4.1833 international 
joules) was officially adopted by the Commission in 1934, and 
Thus, and mainly through 
lack of foresight, there has been erected an artificial barrier be- 


been entirely successful. 


since has become firmly established. 


Accordingly, for the limiting case of zero . 


tween the engineer on the oné side and the thermochemist on the 


| 
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other. The two calories differ by as much as 1 part in approxi- 
mately 1500. 

Recently steps have been taken to abandon by international 
agreement the so-called international electrical units and to use 
instead the absolute or mechanical units. The 1941 Birge (4) 
value for the ratio between the two units is 1.00020 + 0.00004; 
abs kwhr/(mean) int kwhr. DuMond and Cohen (91, 92) adopt 
the conversion factor 1.000165 abs kwhr/(NBS) int kwhr as exact 
by definition. Mueller and Rossini have proposed to redefine 
the thermochemical calorie as 4.1840 absolute joules, having 
previously (93) expressed the hope that “in the course of time 
physical scientists will become more and more familiar with the 
joule as the unit of energy, thermal and otherwise, and that 
the arbitrary conversion of joules to artificial (thermochemical ) 
calories will become a chore that will gradually cease to be 
necessary.” 

We know of no completely satisfactory way out of the above 
dilemma but, being engineers, we have decided to adopt for the 
purpose of this paper a unit of energy called the International 
Tables Btu (IT Btu), defined by the conversion factors: 1 
IT Btu g °K /IT cal lb °R; 860 IT cal/(mean) int whr; 1.00020 + 
0.00004; abs whr/(mean) int whr. Accordingly, we derive from 
the 1941 Birge (4) values of the general physical constants 


R = 1.98581,, + 0.00018 IT Btu/°R mol {10} 


where the symbol “‘mol’’ denotes the pound-mol on the chemical 
scale. Thus our calculated values of the reduced entropy s + 
R logep (with pressure expressed in international atmospheres), 
mean isobaric specific heat (h — @)/7, and instantaneous iso- 
barie specific heat ¢, for monatomic hydrogen H! at 1000°R and, 
strictly speaking, zero pressure are: 30.46293, IT Btu/°R mol, 
4.964528 IT Btu/°R mol, and 4.964528 IT Btu/°R mol, respec- 


tively. 
EstTiMaATED UNCERTAINTIES 


In our calculations and subsequent interpolations we have 
tried to avoid any, approximations that would affect our final 
results by more than +2 in the eighth significant figure; before 
tabulating these results, however, we have rounded them off to 
seven significant figures. In this manner we have sought to 
achieve computational accuracy well beyond present physical 
accuracy for practical reasons. We wish now to give some indi- 
cation of the limits of present physical accuracy and, for this 
purpose, shall compute what we call the estimated uncertainties 
of our final results. , 

In our calculations we have used the 1941 Birge (4) best 
values of the general physical constants consistently through- 
out. In estimating the uncertainties of our final results, how- 
ever, we shall use the DuMond-Cohen (92) probable errors aug- 
mented by the differences, in absolute value, between the Birge 
and DuMond-Cohen best values. This procedure will tend -to 
make our estimated uncertainties somewhat too conservative, 
but we believe it is the best one to use pending the systematic 
re-evaluation of all the data, which will surely be undertaken when 
experimental determinations currently 
laboratories have been completed. 


under way in various 


From Equation [5] we see that the probable error of the 
quantity g/ RT is to be derived in part from the probable errors 
of the constant log.[k(2rk /h2N)'/*], the ratio 1.000272, the con- 
version factor 1,013,246 erg/cm*atm, and the isotopic weight M 
on the physical scale. We have calculated this constant or 
“translational” part of the uncertainty of g/RT for each of the 
. isotopic monatomic gases here considered and have found it to 
‘lie between + 0.00066 and + 0.00069 in all eases. 

The temperature function @ is the only remaining source of 
uncertainty in our calculated values of g/RT. It makes what 


we may call the “electronic” contribution which arises jointly 
from the probable error of.the second radiation constant c: and 
from those of the observed electronic-energy levels E; — Eo. 
The corresponding electronic contributions to the uncertainties 
of the quantities s/R + logep, (hk — a)/RT, and c,/R come from 
the functions log.a + 8/a, B/a, and y/a — (8/a)*, respectively, 
in accordance with Equations [9]. We show these latter 
electronic uncertainties graphically in Figs. 1, 2, 3. To the elec- 
tronic uncertainty of the quantity s/R + logep shown in Fig. 1, 
there must, of course, be added the constant amount 0.0007 
(approximately) representing the translational uncertainty; the 
translational uncertainties of the quantities (hk — a)/RT and c,/R 
aré both nil in accordance with Equations [9]. 

Now we do not tabulate the dimensionless quantities just re- 
ferred to, but rather the reduced entropy s + R logep, the mean 
isobaric specific heat (h — a)/7, and the instantaneous isobaric 
specific heat c,. To each of these tabulated quantities the rela- 
tive probable error of the gas constant R contributes an additional 
uncertainty which we estimate to be 0.0091 per cent of the quan 
tity tabulated. When the International Tales calorie was 
adopted in 1929, it was anticipated that the time would come 
when this calorie would have to be redefined in terms of the 
absolute or mechanical units. A move in this direction has been 
taken recently. When and if such a redefinition is adopted 
officially, it will be possible to state a relative probable error in 
the gas constant R only about one half as large as that just 
stated, that is, approximately 0.0046 per cent. 

Returning to Figs. 1, 2, 3, it will be noticed that these cover 
only oxygen, carbon, sulphur, bromine, chlorine, fluorine, and 
iodine. In the cases of hydrogen, deuterium, helium, and argon, 
the electronic uncertainties are entirely negligible in the tem- 
perature range here considered. In the cases of nitrogen and 
mercury these uncertainties are not entirely negligible but are, 
nevertheless, too small to warrant complicating the figures to in- 
clude them. 


Isororpe EFFECTS 


In general, each isotope of a particular atom possesses a slightly 
different set of electronic energy levels, E,; — Eo. It was through 
an investigation of these slight differences in the case of hydrogen 
that the existence of deuterium (heavy hydrogen) was first 
shown. Herzberg (94) states that the differences are only of 
the order of 2 em~' and in many cases considerably smaller. 
Accordingly, we use the same spectroscopic data for each isotope 
(of a particular atom) and thereby assign to each the same mean 
isobaric specific heat (h — a@)/T', the same instantaneous isobaric 
specific heat c,, and, to within .an additive constant amount 
3/2Rlog-(11/Mo), the same reduced entropy s + Rlogep. In 
this expression M, denotes the isotopic weight of a particular 
reference isotope. Thus it suffices to tabulate the thermody- 
namic properties of only one reference isotope of each monatomic 
gas if an auxiliary table is provided in which values of the quan- 
tity (3/2)Rloge(./ are listed. Table 4 is such an auxiliary 
table. 

The reduced entropy s + Rlogep of the normal isotopic mix- 
ture of a given monatomic gas exceeds that of the reference iso- 
tope of isotopic weight My by the constant amount (3/2)R2z, 
loge (.M,/Mo) RYz,loger;, where the are the fractional 


- abundances (mol fractions) and the M, are the isotopic weights 


of the various constituents of the mixture. Slight inaccuracies 
in the z, do not appreciably affect the first sum if none of the 
M,/Mp differs much from unity, since in any event the x; must 
add up to unity. 


The “mixing entropy,”’ —R2z,loger, is, how- 


ever, quite sensitive to inaccuracies in the x,, and for this reason 


is listed separately in Table 4. 
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ulation. Before final tabulation, however, they were rounded 
off to seven significant figures. 

Table 5 lists values of isobaric specific heat ¢, for all isotopic 
gases considered; Table 6 lists values of mean isobaric specific 
heat (h — a)/T; Table 7 lists values of reduced entropy s + R 
loge p (with pressure expressed in international atmospheres); 
Table 8 lists values of enthalpy h i for all isotopic gases con- 
sidered. Strictly speaking, the data listed in these tables are 
valid only in the limiting case of zero pressure where the effects of 
intermolecular forces vanish. The unit of energy is the Inter- 
national Tables Btu (IT Btu) in terms of which the universal 
gas constant takes the value R = 1.98581,, IT Btu/°R mol, the 
symbol “mol” being understood to denote the “pound-mol”’ on 
the chemical scale. 


Comparison With Orner Data 


The principles and procedures for calculating zero-pressure 
thermodynamic properties from spectroscopic and other data 
by the methods of quantum statistical mechanics have been well 
understood for some time. It appears, nevertheless, that only 
six papers of any consequence dealing with the zero-pressure 
thermodynamic properties of the monatomic gases here con- 
sidered have hitherto been published. The only tables pre- 
viously available are (a) various skeleton tables giving values of 
free enthalpy—actually the quantity (g — a)/T — Rlog. p- 
for the monatomic gases, hydrogen, nitrogen, oxygen, sulphur, 
chlorine, and iodine; (6) the familiar skeleton tables of the U.S. 
Bureau of Standards (95) for hydrogen, carbon, nitrogen, and 
oxygen; (c) a skeleton table of reduced free enthalpy for carbon 
(96) at intervals of 1000° K from 2000 to 6000° K. Except in 
the Bureau of Standards table (95), the published data have been 
based on the now obsolete values of the general physical con- 
stants and atomic weights given in International Critical Tables 
(90) and, in some cases, on obsolete spectroscopic data. 

In Table 9 we compare our results with those of previous 
authors. The data in this table are values of the quantity 
(g — — Rlogep or (hk — — (8 + Rlogep 
normal isotopic mixtures, mixing entropy excluded in accordance 
with the practice followed by previous authors. Before listing 
the data of previous authors in Table 9, we have corrected them 
to the value of the gas constant P used in this paper, in order to 
make them comparable with our data. The comparison shows 
that most of the discrepancies between our values and those of 
previous authors can be ascribed to the use of different values 
of the general physical constants. 


for some 


Only in a few cases have re- 
cent changes in spectroscopic data produced significant changes 
in the thermodynamic properties. It is especially interesting to 
note that the agreement between our values and those of the 


Bureau of Standards (95) is quite good except in the case of 


carbon. No. 1, June, 1948. 
TABLE9 COMPARISON WITH OTHER DATA 4 
The function (g — &)/T R logep for some normal isotopic mixtures 
(IT Btu/°R mol; mixing entropy excluded) 
ae Gas Reference 900°R 1800°R 2700°R 3600°R 4500°R 
Hydrogen... (97) —24.995 —28 .436 —30.449 31.878 —32.985 bear 
(95) —24.976 —28.416 — 30.430 —31.858 —32.966 
—24 97564 —28.41679 —30.42973 —81.85794 —32.96574 ] 
(95) —35.183 —38.703 —40.744 —42. 186 43.304 
GGV —35.19919 —38.72347 —40.76443  —42_20733 32600 > 
Nitrogen.... (98) —34.205 — 37 .646 —39.659 —41.087 —42.196 
ete 4 (95) —384.191 —37 .632 — 39.646 —41.074 —42.181 
GGV —~34.19104 —37 .63219 —389 64514 —41.07341 2.18208 
Oxygen. (99) —35.832 — 39.448 —41.526 —42 988 —44.117 
(95) —35 815 —39 .433 —41.510 —42.972 —44.102 = 
GGV ——35.81491 —39.43201 —41.51032 —42.97253 4410127 
Sulphur (100) —41.261 —43 .407 —44 a —46 064 
GGV —37.51143 —41. 24726 —43 39345 —44.89719 -46 .05637 
Chlorine. (101) 050 40.665 —42.813 —44 .322 —45.485 
GGV —387 .03437 —40 65989 —42.79753 —44.30648 —45. 46968 a 7 
lodine...... (102) —40.772 —44.213 —46 awe 
GGV —40.75596 44.19712 —46. 21073 
* The initials GGV (Goff, Gratch, Van Voorhis) refer to this paper. 
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In this report are presented tables of the principal 
thermodynamic properties of carbon monoxide and of 
nitrogen along the zero-pressure isobar in the range 100 
to 5000 deg R at the intervals indicated by the numbers in 
parentheses as follows: |500(50 |1000- 
[100 |2000/{200 |5000. The data have been computed by the 
method of quantum statistical mechanics in the Univer- 
sity of Pennsylvania Thermodynamics Research Labora- 
tory under Project G-3. Computational accuracy well 
beyond present physical accuracy has been maintained 
for practical reasons. It is believed that the tables given 
herein should supersede all previous ones. The calculated 
values are in satisfactory agreement with those obtained 
from calorimetric and acoustic velocity measurements. 


INTRODUCTION AND THEORY 


HIS is the third of a series of reports on the calculation of 

thermodynamic properties of gases along the zero-pressure 

isobar by the methods of quantum statistical mechanics. 
These calculations were carried out at the University of Penn- 
svlvania Thermodynamics Research Laboratory under the 
sponsorship of the United States Navy, Bureau of Ships, as an 
essential part of an extensive program for the determination of 
the thermodynamic properties of some technically important 
gases. The general aims of this program and the theoretical 
basis for the calculations have been outlined in the first two 
reports (1, 2). Only as much of the theory will be reviewed in 
the present report as is necessary for an understanding of the 
special results obtained in the case of carbon monoxide and 
nitrogen. 

The spectroscopic data are usually expressed by an equation 
giving wave number F (cm~') as a function of certain quantum 
numbers which independently can take on all non-negative 
integral values within prescribed limits; the constants appearing 
in this equation are called spectroscopic constants. To each 
wave number £; there is assigned a definite energy «¢; = hcE;, 
where h denotes Planck’s constant, and ¢ the velocity of light 
in vacuo. To each set of values of the various quantum numbers 
there corresponds a distinct quantum state; but there may be 
more than one, say, p,; distinct quantum states having the same 
energy «; in the absence of an external electric or magnetic field. 

The first step in the calculation is to form the state sum or 
partition function Q defined by 

Q = kT 
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where k is Boltzmann's constant, ¢ is the so-called second radia- 
tion constant he/k, and +r denotes reciprocal absolute temperature 
T~'. The summation is to be extended over all accessible 
energy levels ¢;. Now the specific free enthalpy y of the gas in 
question is given by 


g = —RT loge (Q/nNo).......... (2 


where n is the number of mols of gas with state sum Q and No 
is Avogadro’s number. This is subject to augmentation by an 
arbitrary constant a, which can be identified as the null-point 
(p = 0, T = 0) energy of the gas in question, since the numerical 
value to be assigned to the energy « of the lowest level is arbi- 
trary.‘ Since free enthalpy g is a characteristic function of 
pressure p and temperature 7’, the enthalpy h, reduced entropy 
8 + R log. p, and product pv can be derived from it in a simple 
manner by application of well-known identical relations of 
thermodynamics, namely, h = 2(rg)/Or, s = = 
0g/Op, if the state sum Q in Equation [2] is expressed as function 
of pand T. From the first of these relations it is to be noticed 
that enthalpy h, like free enthalpy g, is subject to augmentation 
by a constant amount @; the second shows that such augmenta- 
tion does not affect the entropy s. 

In a previous report (1) it was explained that the contributions 
to the state sum from translation can be evaluated separately 
from those for internal motions (rotation, vibration, etc.). If 
the effect of intermolecular forces is neglected, the following 
result is obtained 


5 
[loge p —g/RT]p=9 = 9 loge T + loge 
+ loge Qint [3] 


where ./ denotes the molecular weight, and Qint is the contribu- 
tion to the state sum from internal motions only. Consistent 
uniis must be used in the arguments of the logarithms. The 
subscript p = 0 is affixed to the quantity on the left to emphasize 
that Equation [3] is strictly valid only in the absence of inter- 
molecular forces, that is, it is valid only in the limiting case of 
zero pressure. At not too low temperatures the effects of inter- 
molecular forces remain small until fairly high pressures are 
reached; therefore the zero-pressure properties can be used with- 
out correction in ordinary engineering calculations not involving 
too-high pressures. 


INTERNAL STATE SUM 


The energy levels «; entering the internal state sum Qin 
represent the rotational, vibrational, electronic, and nuclear 
contributions. It has been shown that the contribution from 
nuclear spin may be disregarded if the resulting properties are 
to be used only in the analysis of processes which involve no 
transmutation of atomic species, provided, of course, that the 
practice is followed consistently for all molecules. In the case 
of carbon monoxide and nitrogen the electronic contributions 
are negligible in the temperature range here considered. In this 

«Not completely arbitrary, because the null-point energy of a 


molecular gas is definitely related to the null-point energies of the 
associated monatomic gases. 
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range, therefore, it is only necessary to take account of the 
rotational-vibrational energy levels for the ground electronic 
state, which is the Y?Z,* state in the case of nitrogen (V.) and 
the X'Z* state in the case of carbon monoxide (CO) (3). For 
these states the rotational-vibrational energy levels can be ex- 
pressed by the following equation for the corresponding wave 
numbers /, measured from the lowest level 


= wor — wore’? + woyor? — + BJ(J +1) 
DJ? (FJ +1)? + + 
with 
B, = By ag! + Bo = B, = ag + [da] 
1 
D, = Do— Bu + [4b] 
F, = Fe—you+. Fo = F, = [4c] 


wo = wT, + 4 (4d) 
3 
wore = wT, Welle - 
= Welle 
where 
w, = zero-order vibrational frequencies 
Tes Vey» = anharmonicity constants 
B, = rotational constant® 


iD, F,,... = rotational stretching constants 
ag, Bo, Yo... . = rotation-vibration coupling constants 
v, J = quantum numbers 
In the case of 'S states, such as the ones here considered, the 
statistical weights p; (neglecting the contribution from nuclear 


spin) are given for heteronuclear molecules, such as CO, by 


In the case of homonuclear molecules, such as V.'4, these statis- 
tical weights must be multiplied by additional factors which are 
different according to whether J is even or odd. At not too-low 
temperatures it may be shown (4) that the internal state sum 
over the even values of J differs from that over the odd values of 
J by only a negligible amount and that, as a result, the effect 
of the additional factor in the statistical weights is equivalent 


‘to dividing all the statistical weights (2J + 1) by a symmetry 


number ¢, which has the value 2 for homonuclear molecules, and 
of course has the value unity for heteronuclear molecules. At 
very low temperatures this is not the case and as a result a homo- 
nuclear 
different species, the so-called ortho and para modifications. 
In the ease of nitrogen at 100 deg R and higher temperatures, 
the difference between the two modifications is entirely negligi- 
ble; the method of calculating the properties of the ortho and 
para modifications, of the equilibrium mixture, and of the normal 


gas like ‘\.'* must be considered as a mixture of two 


" mixture at lower temperatures is discussed in general terms in 


many references, e.g. (4), and its application to the case of 
nitrogen is treated in a previous report from this laboratory (5). 


© course, if the two atoms of the nitrogen molecule are different 


’ B, is inversely proportional to the largest principal moment of 
inertia J, at the equilibrium internuclear separation, that is, B, 
h/8x*cl,. 


j 
=0 

These sums can be expressed as simple functions of y = x, (1 — 
xr), which have been listed elsewhere (1, 5). 

After having evaluated the y, and ‘Y,, it is a straightforward 
matter to caleulate Qint from 

Algebraic expressions for the first and second derivatives of 
are obtained easily (5) from the results just given and need not 
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isotopes, as in the case of V'4\", the molecule is heteronuclear, 
and therefore its symmetry number is unity. 
MATHEMATICAL REARRANGEMENT® 


The first step in the evaluation of the internal state sum Q,,, 
for the set of energy levels given by Equation [4] is to evaloshe 
the sum over J for arbitrarily fixed values of the vibrational 
quantum number 


i ». This can easily be done by application of 
the Euler-Maclaurin formula. The result is 
+ — air) J (S41) +6, - 
2 

= [5] 

where the y; are simple functions of b) = c.7Bo, be = c27Do, bs = 
cotFo, .. 81 = a0/Bo, 82 =. Bo0/Do, . . . . Which have been listed 
elsewhere (5) and need not be reproduced here. The summation 
on the left extends over all nonnegative, integral values of the 
rotational quantum number J. Strictly speaking, that on the 
right extends over all nonnegative, integral values of the index 
7. However, in the case of nitrogen and carbon monoxide the 
sum over 7 is very rapidly convergent, and in the temperature 
range here considered it is sufficient to include in the sum only 


the first seven terms. 

Substitution of Equations [4] and [5] into Equation [1] 

yields 

oh, Qing = Dy,viel 16) 
The summation extends over i and v. The latter should cover 
all non-negative, inte gral values up to the dissociation limit. 
For nitrogen and carbon monoxide up to at most 5000 deg R, 
as long as only the first seven values of i are considered, no 
significant error is introduced by extending the summation over 
v to infinity. 

The contribution to the exponential in Equation [6] from the 
quadratic and cubie terms in v can be reduced to a power series 
in v by expansion in a Taylor series: This reduction facilitates 
evaluation of the quantities }, defined by 


@ 


where s = e~ 7. Each Y, is a combination of sums of the form 


© 


be reproduced here. 
ZeERO-PRESSURE PROPERTIES 


Having evaluated the sum @ in Equation [7] it is possible to 
write down convenient expressions for the various zero-pressure 
thermodynamic properties of particular interest. This part of 
the mathematical rearrangement is completely analogous to 
the corresponding part previously published for carbon dioxide, 


* A more detailed derivation of the working equations has been — 
given elsewhere (5). It must be noted that the notation used in 
previous reports was slightly different from that used in this paper. ic 
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(1), and therefore only the final results will be given here. These 
ure 
7 
{loge p — (g — d)/RT |, =0 = loge 7’ — loge(1 — e797) 
+ loge a + (k/ocsBo)| |S] 
7 Or d loge a 
[s/R + loge p]p=o0 = [loge p (gy — @)/RT)p=0 
+ [(h — . [8b] 
7 (Or) loge a) 
R = T ac 
2 — 1)? dT? [Se] 


where again it is noted (a) that the free enthalpy g and the 
enthalpy A are subject to augmentation by a constant amount 
a representing the null-point energy, and (b) that the arguments 
of the logarithms in Equation [8] must be expressed in con- 
The quantity @ = 
tic temperature of the gas considered. 


sistent units. Cow is the so-called characteris- 

The terms containing loge a essentially represent the combined 
corrections for anharmonicity, rotational stretching, and rota- 
tion-vibration coupling. 
have been obtained (5) and may be useful for rapid calculations 


Approximate expressions for loge a 


of the properties of other similar gases. Formulas for correcting 
loge a and its derivatives for small changes in the spectroscopic 
constants have also been obtained (5). These formulas may be 
useful for future revisions of the tables, as well as for the calcula- 
tion of the properties of other than the most abundant isotopes, 
in which case the tabulated values have to be corrected for small 
isotopic effects on the spectroscopic constants. 
PuysicaL CONSTANTS AND CONVERSION Factors 

In conformity with the practice of this laboratory the 1941 
Birge (6) values of the general physical constants have been used 
consistently. 
errors given by 


As explained in another report (2), the probable 
Birge have been revised on the basis of the 
analysis of DuMond and Cohen (7). The adopted constants 


are 


R = (8.31436 + 0.00038) 10° erg deg K~! g-mol-! 


1.43848 = 0.00024 em deg Kk 
loge = 


ll 


+ (0.00065 (with argument 
atm deg R~*¢g7*/? 


L.000272 = 


in g-mol 


ratio of physical to chemical atomic weights = 
0.000005 


Following usual steam-table practice, the Btu has been used as 
unit of energy in preparing the tables presented in this report, 
The particular Btu used is defined by the following conversion 
1.8 Btu g/ITeal lb and 860, 1.00020 ITeal abs kwhr2 
Temperature on the Rankine seale (deg R) is used as independent 


factors: 


argument and the pound-mol (mol) is used as unit of weight, 
in order to simplify the analysis of problems involving gus mix- 
tures. In the ease of reduced entropy s + R log. p, it is to be 
understood that pressure is expressed in international atmos- 
pheres (atm). 
Atomic WErIGHTS 
The available data on the weights of the various isotopes of 


7In the previous report on the properties of carbon dioxide (1) 
the conversion factor 860/1.00019 I[Teal/abs kwhr was given by 


mistake. Actually the value 860/1.00020 had been used in the 
calculations, with the corresponding value R = 1.98581 Brtu/mol 
deg R. 
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carbon, oxygen, and nitrogen have been reviewed in a previous 
repcrt (2). The values used in the present calculations are those 
recommended by Birge (6), for consistency with previous ecal- 
culations from this laboratory. The changes indicated by more 
recent data are altogether negligible. The adopted values of 
the isotopic weights and of the relevant abundance ratios are 
listed in Table 1. 


TABLE 1 ISOTOPIC WEIGHTS OF CARBON, OXYGEN. AND 
NITROGEN (PHYSICAL SCALE) 
Isotope Weight Abundance 

cr 12. 00386 92 

cu 13. 00761 1 

Nu 14.00753 270 

Nis 15.0044 

oO. 16.0000 50 

17.0045 204 

18.0044 


The molecular weights of the various possible carbon mon- 
oxide and nitrogen molecules can be computed directly from the 
data in Table 1, converting them to the chemical seale by division 
by 1.000272. The following are of particular interest: 


27.99625 (chemical scale) 


M = 
CO : M = 28.01139 (normal isotopic mixture, chemical scale’ 
N2't: M = 28.00744 (chemical scale) 
N:: 28.01480 (normal isotopic mixture, chemical scale 


The values for the normal isotopic mixtures are in excellent 
agreement with those adopted by the Committee on Atomic 
Weights of the International Union of Chemistry (8). 


SPECTROSCOPIC CONSTANTS FOR NITROGEN 


The best complete analysis of the vibrational structure of the 
ground electronic level (X'2*,) of diatomic nitrogen is that given 
by Birge and Hopfield (9) in 1928; they give for the vibrational 
contribution to the wave numbers 


2545.16 ¢ 14.445 

The constants in this expression are subject to a relatively large 
uncertainty since they were obtained from the band heads rather 
than the band origins. Several new bands have been analyzed 
1928 (10, 11, 12, 
there should be no revision of 


All these newer results indicate 
the first 


since 
that 
constants, even though R. Herman 


eic.}, 
two vibrational 
12), on the basis of her own 
measurements as well as those of Wulf and Melvin and of Janin, 
proposes the addition of cubic and quartic terms, obtaining the 
following expression for the vibrational contribution 

2545.16 14.445 4 


The contribution from the last two constants to the thermo- 
dynamic properties up to 5000 deg R is not significant. Therefore, 
since these two constants appear to have a rather large probable 
error, it was decided not to include them in the present caleula- 
tions. Available data do not permit a reliable estimate of the 
More 


a probable error of 


uncertainties of the vibrational constants just quoted. 
or less arbitrarily we have assumed a probable error of 
em”! for the first constant 2345.16, and 
+0.01 for the second constant 14.445. 

The earlier rotational analyses have been revised by Watson 
and Koontz (13), whose results have been confirmed by Spinks 
(14). According to their analvsis, the rotational constants for 
the ground electronic state of nitrogen are 


By = 1.998 + 0.002 ay = 0.018 em™! 


It appears safe to assume that 
=0.001 
the somewhat less accurate values obtained by 


the probable error of ao is at most 
These values are in excellent agreement with 


Rasetti (15 
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from the Raman spectrum, and by Janin (10) from the Vegard- 
Kaplan bands. Other rotational constants have not been deter- 
mined from direct measurements but may be calculated from 
approximate theoretical equations’ which are reviewed by 
Jevons (16) and Birge (17). Spinks (14) lists values of D, and 
8 calculated from these formulas; however, his values are only 
preliminary and are not correct. From the constants adopted 
for these calculations and the quoted formulas, we obtain 


Do = 5.808 10-*em=!; Fy = 4 X 107! 


The calculated values of 89 and of other rotational constants are 
negligible. While it is not possible to state the probable error 
of the constants thus obtained, it seems safe to assume that the 
probable error ef the value of Do given in the foregoing does not 
exceed 0.1 X 10°* em™!, and that the probable error of Fo has 
no significant effect on the accuracy of the thermodynamic 
properties herein presented. 

In conclusion the constants adopted for the ground electronic 
state of diatomic nitrogen (N,'*) are those listed in Table 2. 
Constants not listed there are assumed to be negligibly small. 
The first excited electronic state is the A°=*, 
about 50,000 cm~! above the ground state (3), and therefore 
does not make a significant contribution to the thermodynamic 
properties in the temperature range here considered. 


state, which is 


rABLE SPECTROSCOPIC CONSTANTS FOR NITROGEN 
IN THE GROUND ELECTRONIC STATE 


wo = 2345.16 = 0.1 Bo = 1.998 * 0.002 

wore = 14.445 = 0.01 ao = 0.018 = 0 001 
De = (5.808 = 0.1) 10% 
Fo = 4 X 107" 


The data given in Table 2 suffice also for the calculation of the 
constants for and Indeed, the vibrational and 
rotational constants of isotopes are related through the following 
theoretical equations (18) . 


w, = pu wr, = pws, | 
BS = a,’ = (9) 
— 


where superscript ¢ indicates the heavier isotope and yw is re- 
duced mass. It must be noted again that N''N™ is heteronuclear 
and therefore has a symmetry number o = 1. 


SrecTRoscopic CONSTANTS FOR CARBON MONOXIDE 


Until recently the best available analysis of the vibrational 
structure of the ground electronic level (X'2*) of carbon mon- 
oxide was that given by Read (19), and the most reliable set of 
rotational constants was that of Gerd, Herzberg, and Schmid 
20). A tabulation of the thermodynamic properties of carbon 
monoxide based upon those constants has been issued by this 
laboratory (21). Recently, new data have been obtained and a 
more accurate analysis has been completed by associates of G. 
Herzberg. Dr. Herzberg has very kindly communicated to us 
the new spectroscopic constants in advance of publication. 
‘ These constants, which have been adopted for the calculation 
of the tables of properties herein presented, are listed in Table 
3. The probable error in each constant will be assumed to be 
five units in the last tabulated figure, except in the case of B, 
and ag, in which case the probable error will be assumed to be five 
units in the penultimate figure. This assignment of probable 


TABLE 3 SPECTROSCOPIC CONSTANTS FOR CARBON MONs 
OXIDE (C#0" IN THE GROUND ELECTRONIC STATE 


we = 2170.21 Be = 1.931329 
were = 13.461 ae = () O17485eem~! 
0.0308 De = 6.43 K 10-*em™! 
Be = -0.04 10 
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errors is quite arbitrary, but sufficient data are not available to 
the authors for a more rational assignment. The additional 
constant Fy = 6.5 X 10°" has been calculated from previously 
mentioned, theoretical formulas (16, 17). Other constants are 
considered to be negligible. The first excited electronic state of 
carbon monoxide is-the state, which is about 48,000 em! 
above the ground state (3, 22), and therefore makes no significant 
contribution to the tabulated properties in the temperature range 
here considered. The properties of other isotopes may be ob 
tained easily by means of Equation {9}. 


Finat Resvuurs 


The final results of the present calculations are given in Table 
4. It might be well to repeat that the data listed in this table 
are characterized by computational accuracy well beyond present 
physical accuracy. The unit of energy used is the (International 
Steam Tables) Btu in terms of which the universal gas constant 
R has the value 1.98581 Btu mol deg R. The usual practice 
of excluding the contribution to the reduced entropy from 
nuclear spin has‘been followed. 

The probable errors of the tabulated data arise from several 
separate factors. All the properties contain as a faetor the uni- 
versal gas constant R, and therefore have at least a relative 
error equal to the relative error of R. The latter depends on 
the choice of units. If the units chosen ean be defined directly 
in terms of the absolute units of energy, then the relative error 
contributed by R is +0.000046 or per cent. the 
units chosen are defined in terms of the international electrical 
units, then the relative error contributed by R is about twice as 
much, namely, +0.000091 or 0.0091 per cent. 

In order to diseuss the other sources of error independently of 
R, we shall consider next the errors in the dimensionless quanti- 
ties obtained by dividing by R the following tabulated properties: 
reduced entropy, mean isobaric specific heat, and specifie heat. 
In the case of the last two named quantities, the probable error 
originates only from errors in the rotational-vibrational eontribu- 
tions, This probable error is shown in Fig. 1. In the case of 
the entropy, an additional probable error of about *0.0007 
(dimensionless) arises from the translational contribution. In 
this case most of the error in the rotational contribution arises 
from the classical term loge(c:/or The probable error of this 
term has the value 0.0012 in the case of nitrogen, and +0.00043 
in the case of carbon monoxide. Since these errors are constant, 
they cancel in calculations for processes not involving chemicul 
changes, Therefore, only the probable errors in the rotational- 
vibrational contributions exclusive of the classical term log. 

¢2Bor) are of general interest. These are shown graphically in 
Fig. 1. 

The zero-pressure properties presented in this paper apply to 
the most abundant isotopes, namely, carbon monoxide C'™%)'* 
and nitrogen N,'*. All the data necessary to obtain the prope:- 
ties of molecules containing other isotopes have been given 
in this report, and these properties may be obtained easily by. 
applying small corrections to the values listed in Table 4. De- 
tailed tables for each isotope are not given here because of space 
limitations. 

Regarding the thermodynamic properties of the normal iso- 
topic mixture of nitrogen (N.), the following statements may 
be made: Its enthalpy and isobaric specific heat are almost 
identical with those of the most abundant isotope N,'*; its re- 
duced entropy exceeds that of N,'* by about 0.00078 Btu, mol 
deg R because it contains some isotopes of higher molecular 
weight M than that of N,'*, by about 0. 0102 Btu/mol deg R 
because the statistical weights p, of N'*N* differ from those of 
N,'4, and by a mixing entropy of about 0.086 Btu/mol deg R. 
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TABLE 4 ZERO-PRESSURI 


Reduced Entropy 
(e Rlog.p) 


p20 


Btu/mol degR 


co 


38.80111 
35.94028 
34.1636) 
36.47280 
34, 74243 
37.05210 
37.32492 
37,.83905 
34.31953 
3A, 78815 
39.19957 
39,.598690 
39,96274 
40.31930 
40,65946 
40,.98194 
41. 29095 
41.5947) 
42.14514 
42,.65933 
43.15704 
43.59643 
44.909]19 
44.73138 
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4F, 
47. 36306 
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£0,40142 
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A983 
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08774 
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57 
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61.76514 
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PROPERTIES OF 


DIATOME 


Np 
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Fic. 1 UNcEeRTAINTY IN THERMODYNAMIC PROPERTIES 


(A, Reduced entropy; B, mean isobaric specific heat; C, 
heat.) 


isobaric specific 


The mixing entropy has been estimated on the assumption that 
the mixture contains in significant concentration only Ne'* and 
Regarding the 
isotopic mixture of carbon monoxide (CO), the following state- 


thermodynamic properties of the normal 
ments may be made: Its enthalpy and isobaric specific heat are 
almost identical with those of the most abundant isotopes C?O'*; 
its reduced entropy exceeds that of C'O'% by about 0.00161 
Btu/mol deg R_ because it contains some isotopes of higher 
molecular weight ./ than that of C0", and by a mixing en- 
tropy of about 0.153 Btu/mol deg R. 
been estimated on the assumption-that the mixture contains in 
significant concentration only C?O"%, 
In addition to the foregoing corrections there are, strictly 


The mixing entropy has 


speaking, some temperature-dependent corrections to account 
for the isotopic effect on the rotational and vibrational constants. 
These, however, can reasonably be expected not to exceed the 
uncertainties in the calculated properties, and therefore may be 
ignored. 


Comparison With Dara 


The first extensive tabulation of the zero-pressure thermo- 
dynamic properties of nitrogen is that of Giauque and Clayton 
(23), who published tables of the free enthalpy of this gas. 
Trautz and Adler (24) published tables of the specific heat of 
nitrogen and other gases, but their tables were rather inaccurate. 
Johnston and Davis (25) reviewed the available data on the spec- 
troscopic constants and calculated tables of the entropy an | of 
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the specific heat of nitrogen. Wagman, et al (26) corrected the 
Johnston and Davis tables for recent changes in the accepted 
values of the general physical constants and atomic weights, 
but not for some significant changes in the rotational constants. 
Woolley (27) in 1944, prepared an unpublished tabulation of the 
principal thermodynamic properties of nitrogen by cdrrecting 
the Johnston and Davis tables for changes in the rotational 
constants as well as in the general physical constants and atomic 
weights. In 1944, Woolley used essentially the same constants 
as those herein adopted, except that he apparently used the in- 
correct values of D, and 8 given by Spinks (14). In 1947 
Woolley revised and extended his earlier tables, presumably 
using the spectroscopic constants adopted for the calculations 
of tables previously issued from this laboratory (5). 

The results of the present calculations for nitrogen are com- 
pared with those of previous authors in Table 5, the comparison 
being based on the isobaric specifie heat ep=0. In the second 
TABLE 5 ZERO-PRESSURE ISOBARIC 
NITROGEN 

(Values in Btu/mol deg R) 
Johnston and 


SPECIFIC HEAT OF 


Goff and 


T, deg R Davis Wagman Grateh 
180) ime 6.951 
7.065 7.065 
1800 7.811 7.809 
2700 8.324 8.322 
3600 8.596 8.592 
4500 8.753 8.747 
column are listed the original Johnston and Davis (25) values 


converted to Btu/mol deg R by multiplication by 1.98581/1.9869 
= 0.99945. In the third column are listed the Wagman, et al, 
(26) revisions of the Johnston and Davis values converted to 
Btu/mol deg R by multiplication by 1.98581/1.98718 = 0.99931. 
In the fourth column are listed values interpolated from our final 
tables rounded off to the number of figures used by the other 
authors for greater ease of comparison. No comparison with 
the 1947 Woolley (27) unpublished tables is shown, since his 
tables are essentially equivalent to ours, except for the fact that 
we maintained greater computational accuracy. 

While the differences between the three sets of values listed in 
Table 5 are small, they are significant, since they definitely 
exceed the probable error of our values. The conclusions to be 
drawn from comparisons of the other properties are similar; 
these comparisons are not shown here because of space limita- 
tions. It should be noted that most of the previous tabulations 
are for the normal isotopic mixture, but they do not include the 
mixing entropy and the effect of the heteronuclearity of NUN®. 
Therefore the values of reduced entropy given by the other 
authors should exceed our values for Nz'! by about 0.0015 Btu 

mol deg R because of differences in molecular weights. 

The first extensive tabulation of the zero-pressure thermo- 
dynamic properties of carbon monoxide is that of Clayton and 
Giauque (28), who published tables of the free enthalpy of this 
gus. Kassel (29) tabulated the specific heat of carbon mon- 
oxide. (30) 
values of the thermodynamic properties of carbon monoxide at 
3000 deg K. 
data on the spectroscopic constants and calculated tables of the 
Wagman, 


Gordon and Barnes calculated a single set of 


Johnston and Davis (25) reviewed the available 


entropy and of the specific heat of carbon monoxide. 
et al (26) corrected the Johnsten and Davis tables for recent 
changes in the accepted values of the general physical constants 
and atomic weights, but not for some significant changes in the 
spectroscopic constants. 

The results of the present calculations for carbon monoxide 
are compared with those of previous authors in Table 6, the com- 
parison being based on the isobarie specific heat cp=o. In the 
second column are listed the Kassel (29) values converted to 


| 


* error of our values. 
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TABLE 6 ZERO-PRESSURE ISOBARIC SPECIFIC 
CARBON MONOXIDE 


(Values in Btu/mol deg R) 


HEAT OF 


Johnston and Goff and 
5 T, deg R Kassel Davis Wagman Gratch 
180 6.949 6.950 ove 6.951 
900 7.111 7.118 7.115 7.116 
1800 7.914 7.932 7.927 7.925 
2700 8.390 8.417 8.413 8.411 
- 3600 8.626 8 662 8.659 8.657 
4500 8.758 8.802 8.800 8.796 


Btu/mol deg R by multiplication by 0.99945. In the third col- 
umn are listed the Johnston and Davis (25) values similarly 
converted to Btu/mol deg R. In the fourth column are listed 
the Wagman, et al (26) revisions of the Johnston and Davis 
values converted to Btu/mol deg R by multiplication by 0.99931. 
In the fifth column are listed values interpolated from our final 
tables rounded off to the number of figures used by the other 
authors for greater ease of comparison. 

The differences between the four sets of values listed in Table 6 
are smal] but significant, since they definitely exceed the probable 
The differences of our tables from the 
previous tabulations are due primarily to the recent revision of 
the vibrational and rotational constants. As 
nitrogen, no comparison of the other properties is given here 
because of space limitations. In the case of the entropy, since 
the tables by other authors are for the normal isotopic mixture 
(mixing entropy excluded), the values given by the other authors 
should exceed our values for C0" by about 0.0032 Btu /mol 
deg R because of differences in molecular weights. 


in the case of 


As has been previously pointed out by Johnston and Davis 
(25), the available results from calorimetric adiabatic expansion, 
velocity of sound, and explosion measurements are much less 
accurate than those from spectroscopic data, at least in the case 
of carbon monoxide and nitrogen. Anyway a partial comparison 
with those data (based on isobaric specific heat) is shown in Fig. 
2. The older data, in particular those from acoustic velocity 
measurements, have been omitted since they are too inaccurate. 
Also several recent results near room temperature have been 
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omitted to avoid overcrowding the graph. The two points 
credited to Fenning and Whiffin (35) were calculated from their 
formulation, which supposedly is valid from 2370 to 3060 deg 
K. The points credited to Henry (31) are Henry's smoothed 
values, and not the original experimental values. The most 
accurate values used for this comparison are probably those 
obtained by Eucken and Liide (32) and by Eucken and Miicke 
(33) by means of an adiabatic expansion experiment; these values 
are reported to be accurate to about 0.1 per cent. The Eucken 
and Liide (32) results for nitrogen, which are in excellent agree- 
ment with the spectroscopic values, could not be shown in Fig. 
2 because of overcrowding. 

Taking account of the relative lack of accuracy of the ex- 
perimental values, their agreement with the spectroscopic values 
is quite satisfactory. 
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ambiguity in his private communication of 1944 (27),® which must 
have led to the statement that for one of his tables incorrect 
spectroscopic constants D, and 89, given by Spinks (14), appar- 
ently were used. Spinks’ constants were not used, but instead 
computed constants which were essentially identical with those 
used in the present paper. Before accepting the statement that 
the constants by Spinks are incorrect, one might consider a devia- 
tion plot of divided differences of vibrational term values, accord- 
ing to actual observational data (9, 15), as shown in Fig. 3 of this 
discussion. The sloping straight line represents the equation 
given by Birge and Hopfield, drawn with a half-width equal to 0.1 
cm, ~' the uncertainty assigned to w by the authors of the present 
paper. The scattering of the data of Birge and Hopfield are re- 
garded by the writer as consistent with careful measurement, 
since they had to measure their photographic film to !/1009 mm to 
determine a line toone wave number. The uncertainty of 2cem,~! 
given by Rasetti for his 1929 Raman value, is shown on the 
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Fig. 3) Visrationat Data ror Nitrogen 


diagram. The 1988 Raman value of Miller is 2.4 em™! below the 
value of Rasetti. If one takes the uncertainty in w from that for 
the Raman data, and the uncertainty in @ as assigned by the 
authors, then the values of Spinks for D and 8 are covered by their 
uncertainties 

In spite of the possibility of further improvement in the spectre- 
scopic constants, the writer has considered the new table for 
nitrogen to be a satisfactory basis for a table in the NBS-NACA 
series of “Thermal Properties of Gases." This table, Table 11.10 
of that series, extends on upward in temperature to 5000 K, using 
the writer's 1947 results, which were obtained quite simply by 
using the tables of Gordon and Barnes with a small corrective 
addition appropriate for higher temperature. His results were in 
excellent agreement with the rewults presented in this paper, but 
were based on four-<decimal-place tables so there was no thought 
of five-decimal-place accuracy 

A year ago Professor Grateh presented values of sero-preasure 
thermodynamic properties of carbon dioxide at a meeting of the 
Sootetvy (1)." His results for the «pecifie heat are shown in a de 
viation plotin Pig fot thi: The wrrter hee teen 
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based on Kassel’s results, and with an estimate which was made for 
5000 Ix have led the writer to think that there might be some- 
thing in the results which should be investigated further. In spite 
of this, the results presented by Professor Gratch for carbon di- 
oxide have been included in the NBS-NACA tables as the only 
recently computed table available. It is the writer's private im- 
pression, however, that if any rocket researchers or others are in- 
terested in very accurate values for calculations at elevated tem- 
peratures, they should take Fig 
and be aware that values obtained by a wrong extrapolation 
might possibly be in error by several units in the first decimal 
place in such a function as the specifie heat, with corresponding 
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Birge-Hopfield~Herman « quation and then analyzed these devia- 
tions by the method of least squares after weighting them prop- 
erly, he would have found that +0.1 em~! is indeed a reasonable 
estimate of the standard error of wo despite the fact that individus! 
wave-length measurements may be uncertain by as much «us 
several reciprocal centimeters, especially at low quantum num- 
bers. 

Next, consider Mr. Woolley's comments on the rotational con- 
stants D, and 89. Theoretically, D, should be approximately 
equal to the quantity 4B8,*/w,?. From this it is clear that the dis- 
agreement between us regarding the uncertainty of wp is entirely 
irrelevant to the discussion of D,; Fig. 3 has no bearing on the 
The largest observed rotational quantum 
number J is about 20; D, is of order of magnitude 6 K 10~*; the 
corresponding value of D,J*(J + 1)? is about 1 em~?; this is 
probably well within the uncertainty of the rotational wave- . 
length measurements which cannot, therefore, yield reliable values 
of D, and 8». But, in order to calculate reliable values of the zero- 
pressure thermodynamic properties of nitregen even up to tem- 
peratures as high as 5000 deg R we must take account of rotationa! 
levels up to J = 100; therefore we are practically forced to rely 
on the theoretical values of ), and 8. When we found that our 
calculated values of these rotational constants differed appreci:- 
bly from those of Spinks we consulted Professor Herzberg who 
assured us that ours were correct and that those of Spinks were 
definitely in error. We can admit no ambiguity in Mr. Woolley ’s 
statement to one of us (SG) that his original (1944) calculations ot 


matter whatsoever. 


the zero-pressure thermodynamic properties of nitrogen wore 
based on Spinks’ incorrect values of J, and 8»; furthermore, we 
note that the results of Mr. Woolley’s subsequent (1047) caleula- 
tions differ from those of his original caleulations by amounts that 
are accurately accounted for by an assumed change from the 
Spinks to the theoretical values of 1), and Bp» 

Mr. Wooley has been good enough to comment upon a pre- 
vious paper by one of us (SG) entitled, “Zero-Pressure Thermods - 
We heartily agree with 
him that the results presented therein may not stand extrapolation 
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Discussion 


HL W. Woottey.* The computations deseribed in this paper 
seem to have been made carefully and to show considerable in- 
genuity in the arrangement of the method of calculation. 

In regard to nitrogen, the writer wishes to apologize for some 


* Thermodynamics Section, National Bureau of Standards, U. S. 
Department of Commerce, Washington, D.C. 


ambiguity in his private communication of 1944 (27),® which must 
have led to the statement that for one of his tables incorrect 
spectroscopic constants D, and 8, given by Spinks (14), appar- 
ently were used. Spinks’ constants were not used, but instead 
computed constants which were essentially identical with those 
used in the present paper. Before accepting the statement that 
the constants by Spinks are incorrect, one might consider a devia- 
tion plot of divided differences of vibrational term values, accord- 
ing to actual observational data (9, 15), as shown in Fig. 3 of this 
discussion. The sloping straight line represents the equation 
given by Birge and Hopfield, drawn with a half-width equal to 0.1 
cm,~' the uncertainty assigned to w by the authors of the present 
paper. The scattering of the data of Birge and Hopfield are re- 
garded by the writer as consistent with careful measurement, 
since they had to measure their photographic film to '/;o. mm to 
determine a line toone wave number. Theuncertainty of 2cm,~ 
given by Rasetti for his 1929 Raman value, is shown on the 
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Fic. 3) Visrattonat Data ror NITROGEN 


diagram. The 1938 Raman value of Miller is 2.4 cm! below the 
value of Rasetti. If one takes the uncertainty in w from that for 
the Raman data, and the uncertainty in @ as assigned by the 
authors, then the values of Spinks for D and 8 are covered by their 
uncertainties. 

In spite of the possibility of further improvement in the spectrc- 
scopic constants, the writer has considered the new table for 
nitrogen to be a satisfactory basis for a table in the NBS-NACA 
series of ‘Thermal Properties of Gases.’’ This table, Table 11.10 
of that series, extends on upward in temperature to 5000 K, using 
the writer’s 1947 results, which were obtained quite simply by 
using the tables of Gordon and Barnes with a small corrective 
addition appropriate for higher temperature. His results were in 
excellent agreement with the results presented in this paper, but 
were based on four-decimal-place tables so there was no thought 
of five-decimal-place accuracy. 

A year ago Professor Gratch presented values of zero-pressure 
thermodynamic properties of carbon dioxide at a meeting of the 
Society (1). His results for the specific heat are shown in a de- 
viation plot in Fig. 4 of this discussion. The writer has been quite 
puzzled about their behavior in the temperature range above 
2000 K. Comparison with an admittedly uncertain extrapolation 


® Reference is to authors’ bibliography. 

18 Authors’ bibliography (9,15) and the following: 

“A Note on the Raman Spectra of Nitrogen,”” by C. E. Miller, 
Journal — Physics, vol. 6, 1938, pp. 902-904. 

“High Energy States of N2* and N2,” 
Review, vol. 74, 1948, pp. 153-162. 


by R. B. Setlow, Physical : 


4 
23 
20038 
é 
2355 
4 
23 
G 
2 
q 
4 
2345 9 
oo 
30 
: 
| 
fis 
> 


CARBON 


6 G- Cylrormer Ose liters) 


DIOXIDE 


cal/mole deg 
5 

4 WOOLLEY 
UNPUBLISHED 
ESTIMATE 

1948 


GRATCH, U.of 1948 


x 
000 2000 000 4000 
TEMPERATURE, °K 


Fic. 4 Comparison oF Estimates For Speciric Heat For CARBON 
Dioxipe 


based on Kassel’s results, and with an estimate which was made for 
5000 K have led the writer to think that there might be some- 
thing in the results which should be investigated further. In spite 
of this, the results presented by Professor Gratch for carbon di- 
oxide have been included in the NBS-NACA tables as the only 
recently computed table available. It is the writer’s private im- 
pression, however, that if any rocket researchers or others are in- 
terested in very accurate values for calculations at elevated tem- 
peratures, they should take Fig. 4 of this discussion into account 
and be aware that values obtained by a wrong extrapolation 
might possibly be in error by several units in the first decimal 
place in such a function as the specific heat, with corresponding 
errors in the other thermodynamic functions. 


AvuTHORS’ CLOSURE 


We regret that we must disagree with most of Mr. Woolley’s 
criticisms of our paper. Consider first his criticism of the standard 
error (+0.1 cm~!) we have assigned to the Birge-Hopfield best 
value (2345.16 em~'!) of the vibrational constant wo. His plot of 
the observed vibrational data, Fig. 3, is entirely misleading be- 
cause it gives undue weight to the low-quantum-number data. 
\fter all, it is the quantity G(r) = e,(v + 1/2) +... that is im- 
portant for the determination of zero-pressure thermodynamic 
properties ; 
w,, w,«,, etc. which, when inserted in the Birge-Hopfield-Herman 


hence the problem is to determine those values of 


equation, give the best values of G(v) from the least squares point 
If he had plotted observed values of G(r) — G(r) as de- 
viations from the corresponding values calculated from the 


of view. 
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Birge-Hopfield-Herman ¢ quation and then analyzed these devia- 
tions by the method of least squares after weighting them prop- 
erly, he would have found that +0.1 em~! is indeed a reasonable 
estimate of the standard error of we despite the fact that individual 
wave-length measurements may be uncertain by as much as 
several reciprocal centimeters, especially at low quantum num- 
bers. 

Next, consider Mr. Woolley’s comments on the rotational con- 
stants D, and 8». Theoretically, D, should be approximately 
equal to the quantity 4B,5/w,?. From this it is clear that the dis- 
agreement between us regarding the uncertainty of wo is entirely 
irrelevant to the discussion of D,; Fig. 3 has no bearing on the 
matter whatsoever. The largest observed rotational quantum 
number J is about 20; D, is of order of magnitude 6 * 10~*; the 
corresponding value of D,J*(J + 1)* is about 1 cm}; this is 
probably well within the uncertainty of the rotational wave- 
length measurements which cannot, therefore, yield reliable values 
of D, and 8». But, in order to calculate reliable values of the zero- 
pressure thermodynamic properties of nitrogen even up to tem- 
peratures as high as 5000 deg R we must take account of rotationa! 
levels up to J = 100; therefore we are practically forced to rely 
on the theoretical values of D, and 89. When we found that our 
calculated values of these rotational constants differed apprecia- 
bly from those of Spinks we consulted Professor Herzberg who 
assured us that ours were correct and that those of Spinks were 
definitely in error. We can admit no ambiguity in Mr. Woolley’s 
statement to one of us (SG) that his original (1944) calculations of 
the zero-pressure thermodynamic properties of nitrogen were 
based on Spinks’ incorrect values of D, and 8o; furthermore, we 
noté that the results of Mr. Woolley’s subsequent (1947) calcula- 
tions differ from those of his original calculations by amounts that 
are accurately accounted for by an assumed change from the 
Spinks to the theoretical values of D, and Bo. 

Mr. Woolley has been good enough to comment upon a pre- 
vious paper by one of us (SG) entitled, ‘‘Zero-Pressure Thermody- 
namic Properties of Carbon Dioxide.” We heartily agree with 
him that the results presented therein may not stand extrapolation 
to temperatures as high as 5000 deg K and we second his warning to 
rocket researchers and others against placing reliance on any rule- 
of-thumb extrapolation. In our opinion Mr. Woolley’s Fig. 4 is 
an excellent example of the kind of extrapolation to be avoided 
especially since it starts away down at 1000 deg K, the highest tem- 
perature for which Kassel made accurate calculations. It is cur 
impression that Mr. Woolley made a number of rather drastic 
approximations in arriving at his unpublished estimate of the 
value of zero-pressure isobaric specific heat at 5000 deg K and that, 
therefore, accurate calculations may or may not confirm it. We 
see no reason to conclude that the downward concavity of the 
Gratch curve below 2700 deg K (Fig. 4) must persist above that 
In short, we are inclined to think that the com 


temperature. 
parison of Fig. 4 is entirely meaningless. 


= 
i 


4 
4 


| 


3 
| 
| : 
| 
> 


| 
| 


By S. W. AKIN,' SCHENECTADY, N. Y. 


Evaluation has been made of the density, enthalpy, en- 
tropy, viscosity, and thermal conductivity of helium in the 
range of pressures from atmospheric to 6000 psia and at 
temperatures from —440 F to 600 F. These data are com- 
posed of observed values published prior to 1945, and of 
extrapolations based upon the Beattie-Bridgeman equa- 
tion of state and kinetic theory. The results evaluated to 
four significant figures are tabulated for particular values 
of pressure and temperature. Graphic plots of the same 
information are also presented, with an accuracy suffi- 
cient for investigations of flow and heat-transfer processes 
involving high-pressure helium. 


INTRODUCTION 


HE properties of helium for engineering use presented in 

this paper are based upon the most acceptable values of 

experimental data as reviewed and evaluated by Keesom 
(1).2 The range of these observed data was extended where 
necessary by extrapolation procedures which are described under 
headings for each of the properties. In summary, the respective 
range of pressures and temperatures included by experimental 
data and extrapolation is shown in Table 1. For the density 
data, this information is shown in Fig. 1 


_ TABLE 1 RANGE OF PRESSURES AND TEMPERATURES 


STUDIED 
Observed — -—Extrapolated— 
range range 
Temp- Pres- Temp- 
Pressure, erature, sure, erature, 
psia deg F psia deg F 
.. Independent —435 to None None 
1525 
Thermal conductivity....... Independent —424 to None 212 to 
212 1100 
14.7 to 900 —440 900 to —440 to 
6000 600 
14.7 to 900 900 to —440 to 


6000 600 


To maintain consistency in the thermodynamic properties, 
two independent equations were used in the evaluations. The 
numerical results were in agreement within 0.5 per cent. Where 
graphical solutions were necessary, plotting was arranged to per- 
mit the reading of values to a corresponding degree of accuracy. 


DENSITY 


To determine the densities at the temperatures and pressures 
selected in this report, the reciprocal of density (specific volume) 
was evaluated from the Beattie-Bridgeman equation of state (2). 
For convenience, the values of the constant terms given in refer- 


1 General Engineering and Consulting Laboratory, General Elec- 
tric Company. Jun. ASME. 

? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Special Research Committee on Properties of 
Gases and Gas Mixtures and the Heat Transfer and Applied Mechan- 
ics Divisions and presented at the Annual Meeting, New York, N. Y., 
November 27—December 2, 1949, of Tue AMERICAN Society or 
CHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society, Manuscript received at ASME Headquarters, Octo- 
ber 10, 1949. Paper No. 49—A-96. 
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ence (2) were converted to the engineering units indicated. 
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RT 
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where 
p = absolute pressure, psia 
T = absolute temperature, deg R 
T°R = t°F + 459.69 
v = specific volume, ft/lb 
R = 2.6829," —™ 
—in.? 
= dimensionless 
» T3 


ll 
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A, = 5.0906, ns Ib)? (Ib/in. 
a = 0.23963, ft?/ 


= RB, (1 


B, = 0.056063, ft® Ib 
b6=0 


A 
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The specific volumes are given in Table 2. 
At several pressures and temperatures throughout the range 
of calculations, the specific volumes computed from Equation [1] 
were compared with values determined from the equation of state 
in the virial form, as follows 
4 (i By) 


The second virial coefficient By was evaluated using the relation 
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TABLE 2 PROPERTIES OF HELIUM . 
| { v, Specifie volume, cu ft per Ib s, Entropy, Btu per lb, deg oF 
= h, Enthlapy, Btu per lb Total temperature, deg F ‘ . 
Ansolute 
Pressure 


h 21.3 43.5 75.9 139.3 201.8 264.0 362.2 
s 1.269 2.198 2.86% 3.049 121 4.462 «4.729 


» v 0.2558 «(0.4344 0. 7768 1116 1.453 1.790 
75.7 140.3 203.4 266.0 328.5 
1.618 2. 380 3.158 3.631 3.973 
0.189 «0.3054 0.5327 0.7590 1,209 
h 41.3 75.4 41.0 204.7 267.5 330.0 
s 1.396 2.176 2.955 3. 428 3.770 4.039 
0.146 0.221 0.370% 0.8212 0.6717 0.8060 
nN 43.0 75.0 42.1 206.6 269.8 332.5 
s 1.176 1.984 2.750 3.224 3. 567 3. 836 
1500 Ot) 0.154 0.2410 0.3310 «0.5118 
75.2 4.3 210.5 274.5 337.6 


1.752 2.498 2.968 3.311 3. 580 


2500 0.09 0.163 0.2165 0.2707 0.325! 
148 217 282.2 

2.285 2.712 3. 084 3.324 

0.07 0.09 151 0.185 0.219 
227 293.9 358.9 

2.036 2.479 2.818 3.087 

6000 0.08 0.07 0.09 0.137 160 
240 309.4 375.9 

s 2.279 2.614 2.88) 


from reference (3) with the constants converted to engineering 


units 
By = 0.305937 r'/* — 1.845 — 0.822 [3] 
where 
By is expressed in ft?/lb 
rt = reciprocal temperature (1/7'°R) 
T°R = (t°F + 459.69) a 


Calculations showed that the coefficients given by this equation 
were in substantial agreement with the values adopted by 
Keesom (1). 

The comparison indicates that for pressure less than 2500 
psia and for densities less than 4.32 lb per cu ft (critical density), 
good agreement exists between the two equations. At higher 
pressures, the values determined from Equation [1] were from 
3 to 10 per cent larger. However, Keesom (1) points out that no 
equation had been proposed which agrees exactly with observed 
facts. On the strength of his remarks, densities determined 


which were larger than 10 lb per cu ft have been reported to only © 


one significant figure in order to show possible trends. 


Another comparison was made at 30 C with the equation for the 
isetherm observed by C. A. Johnson (4). The greatest difference 


was about | per cent at 6000 psia. The equation is 


where 
p = absolute pressure, psi 

v = specific volume, ft?/Ib cs 
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pu = 1462.391 + 0.047232 p — 2.98 X 10-7 p*..... [4] 


@ 


2.127 2.463 3. 135 3. 806 IND 5.820 
390.5 462.7 576.9 701.1 825.2 49.3 1073 1197 
4.461 4. Bug 4. 956 5.201 5.407 5.583 5.737 5.87% 


1.668 2.107 2.555 3.002 3.450 3.897 345 
392.3 454.5 578.8 703.0 627.1 951.2 1075 1199 
4.259 4. 754 5.000 5.205 5.38! 5.536 5.673 


0.9720 1,122 1.42! 1.720 2.019 2.317 2.616 2.914 
395.0 467.3 561.7 705.9 630.0 1078 1202 1326 
4.057 265 4. 562 4. 798 5.008 5.180 5.334 56.472 5.505 


0.602! 0.6922 0.8722 1,052 1.231 1,590 1.769 
4yoo.4 4462.8 588.0 7.7 835.8 969.9 1084 1208 1332 
3.801 3.990 4.297 4. Sy 4.748 4.926 5.080 5.218 5.341 
0.3795 0.4338) (0.6504 (0. 7885 0.664 (0. 1,082 1. 189 
409.0 472.0 596.9 721.3 85.5 969.6 $084 1218 


3.505 3.734 4, 289 4.4934 71 4.826 4.963 5.087 


0.263 0.288 0.356 0.424 0.4920 (0. 559 0.627 0.69% 
422.7 485.9 611.2 735.8 860.1 1108 1252 
3.308 3.497 3.805 4.053 4.2558 4.406 4. 591 4.729 


0. 183 0.205 6.25! 0.297 O33 0.388 0.433 0.479 
504.4 630.2 755.2 879.5 1127 1251 
3. 102 3.292 3.2 3. 869 4. UB 4.223 4. 388 4. 526 
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Fig. 2 shows a plot of the pressure, density, and temperature 
‘elations calculated from Equation [1]. Values for the saturated 
liquid and saturated vapor were taken directly from Zelmanov’s 
data (5). 

VISCOSITY 

The following equation (1) was used to determine the viscosity 

of helium as plotted in Fig. 3 
n = 8.315 (T)°-8" 
where 


viscosity, lb (mass) /hr ft 
7 = absolute temperature, deg R 
(t°F + 459.69) 


The values found by this equation represent the true viscosity 


n 
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150 F to 2000 F 


with an accuracy of 1 per cent in the range of 
and independent of pressure. * 
Values determined in Equation [5] were compared with two 
’ From consideration of kinetic theory, it is expected that viscosity 
should be independent of pressure (4). But at 6000 psia, the volume 
of the molecules is an appreciable part of the volume occupied by the 
gas, and therefore we might suppose helium would display the prop- 
erties of a ‘‘dense’’ gas. To check this possibility, the variation of 
viscosity at high density was determined from the equation (6) 
1 4 
bp ( - + + 0.7614 bor 
n bpx 

where at a given temperature using any consistent set of units 
n’ is viscosity at high pressure 
7 is viscosity at atmospheric pressure 

2 a 
= 
3 m 
molecular radius 
mass of helium atom 
pe = mass density 


bp + 0.2869 (bp)? 


The results of this computation are shown as the dashed line in 
Fig. 3, and indicate that at normal temperatures, the effect of in- 
creased pressure is not great. However, until data on the viscosity 
of helium at high pressures are available, these calculations should be 
considered only as an estimate of the possible variation. 
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separate equations covering the full temperature range. The 


first equation valid from —258 C to —22 C is (7) 
logio (n) = 6.90595 — 10 + 0.650 log w7'°R....... (6) 


The second equation is a form of Sutherland’s formula with con- 
stants suggested by Keyes (4), and is valid above —100 C 


_ where for both equations 


n = viscosity, lb (mass) /hr ft 
T = temperature, deg R 
T°R = (t°F + 459.69) 


Agreement was within plus and minus 2 per cent from 432 F 
to 700 F, and within 3'/2 per cent up to 1200 F. 


THERMAL CoNDUCTIVITY 


The thermal-conductivity values given in Fig. 4 and listed in 
Table 3 combine three sources of information. In the range 3 
R to 161 R, recent data published by Ubbink and de Haas (8) were 
used. In the range 161 R to 672 R, values were taken from a _ 
smoothed curve based upon an evaluation of the observed data 


TABLE 3 INTERCEPT VALUES OF THERMAL CONDUCTIVITY 
AS A FUNCTION OF TEMPERATURE TAKEN FROM FIG. 4 


k expressed as Btu/hr-ft* (°F ft) 


T°F kX 104 T°F k X 104 
—456 22 —100 673 
—450 63 0 792 
—440 106 200 1000 
—430 133 400 1191 
—420 160 600 1365 
—410 186 800 1524 
—400 210 1000 1675 
—300 400 1100 1750 
—200 550 


by several experimenters (1). In the range 672 R to 1572 R, 
extrapolation was made by use of the following kinetic-theory 
(9) relation 


in which 


k = thermal conductivity, Btu /hr-ft?(°F /ft) 
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viscosity, lb /hr-ft 
specific heat at constant volume, 0.7445 Btu/Ib-°F 
proportionality constant 


€ 


A value for the proportionality constant, which could be used 
with reasonable certainty above 672 R, was obtained as follows: 
equation [8] was solved for ¢ in the range 60 R to 672 R, using 
observed values of thermal conductivity, viscosity, 
stant-volume specific heat. Above 540 R, 


and con- 
« had a constant 


value of 2.44. This value was then used in Equation [8] with the 
observed values of viscosity to determine the conductivity up to 
7 1572 R. Table 3 gives the intercept values taken graphically 
: from the smoothed curve in Fig. 4, with temperatures converted 
to the Fahrenheit scale. 
ENTHALPY-ENTROPY 


In order that the extrapolated enthalpy and entropy values 

- presented in this paper would be consistent with recently pub- 

lished data, the following values (5 and 10) were taken as the 
datum‘ for computation 


: + To = absolute temperature, 19.69 R (—440 F) 
Po = absolute pressure, 14.7 psia 
ho = enthalpy, 26.56 Btu per Ib 
¥ So = entropy, 2.602 Btu per lb-deg F 


Evaluation of the enthalpies given in Table 2 proceeded 
follows: Changes in enthalpy with increasing temperature at 
constant pressure were found from Equation [4] 


B 
hp = ho + Cy dt + (? dp 
To T¢ Or 


(9] 
in which 
: hr = enthalpy at temperature 7’, Btu per Ib 
| ho = enthalpy at —440° F, 26.56 Btu per Ib 
Crp = specific heat at constant pressure as p — 0, 1.241 Btu per 
Ib-°F 


absolute pressure, atm 


The expression 


Or 


_ obtained by operating on Equation [3], using the same notation is 


OB, 1 3 
= 0.38242 3.229 
P 


— 1.850 7°/4 
Or 


. [10] 
The enthalpies at atmospheric pressure for the selected tempera- 
tures were calculated by substituting Equation [10] in Equation 
9|. Letting these enthalpies at atmospheric pressure be the 
datum, the Joule-Kelvin coefficients were used to find the changes 
in temperature with increasing pressure. At the chosen enthal- 


pies 
where, by definition 
oT 
( = deg R/psia 
oP 
T = absolute temperature, deg 
The Joule-Kelvin coefficients have been determined experi- 


mentally from 15 psia to 2930 psia in the range 572 F to —310 F 

4 The datum for these values was chosen by the original investi- 
gator so that the enthalpy and entropy of liquid helium at 14.7 psia 
were equal to zero. The values given were obtained by graphical 
interpolation after suitable unit conversion. 


7 


_ thalpies at 6000 psia of only about 1 per cent at 
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(11). 248 F, the coefficient is independent of pres- 
sure, but at lower temperatures it increases with increasing pres- 
sure, 

To establish a reasonable basis for extrapolation to higher 
pressures, values of u were calculated from 15 psia to 6000 psia 
in the range of 600 F to —300 F, using the well-known equation 


where [(0V)/(07)], was obtained by operation on the Beattie- 
Bridgeman equation of state. 

The calculated coefficients showed a dependence on pressure 
at all temperatures which amounted to a variation of plus or 
minus 8 per cent from the average of the calculated values. Fur- 
ther, these average values were from 2 to 5 per cent less than the 
experimental values. The observation can be made that over- 
all discrepancies of this magnitude in » can cause errors in the en- 
300 F, and 
even less at higher temperatures. On this basis, use of the ex- 
perimental values listed in Table 4 for the entire range of pres- 
sures was concluded to be sufficiently accurate for this work.* 


Down to 


TABLE4 JOULE-KELVIN COEFFICIENTS USED IN THE DETER- 
se TION OF ISENTHALPS FROM 15 PSIA TO 600 PSIA | 
Temp, deg F °R/psia = 

600 0.00759 
400 0.00759 
200 0.00759 

0 0.00735 
100 0.00710 
200 0.00655 
-300 0.00480 


It was possible to show a consistency in the yariation of u with 
temperature by checking the enthalpies for a given pressure 
found through Equation [11] by use of Equation {9}. At selected 
temperatures down to —300 F, the enthalpies were in disagree- 
ment by no more than 0.5 per cent. 


Below —300 F, a temperature-enthalpy chart was constructed 
using Zelmanov’s data below —425 F, and the previously calcu- 


lated data above —300 F. Graphical interpolation with a reada- 
ble accuracy of 0.1 Btu was used to determine the enthalpies 
listed in Table 2 

Additional auxiliary temperature-enthalpy curves were made 
to large scale from which the values for the isenthalps in Figs. 
5, 6, and 7 were found. The accuracy of this graphical plot was 
within plus or minus 1 deg and one Btu.® 

Using the values at atmospheric pressure given by Zelmanov, 
changes in the entropy with increasing temperature were made 
using the following equation 


T 
8s; = So + In ( 


When entropies had been calculated for the selected tempera- 
ture, the entropies at higher pressures at these same tem- 
peratures were then determined, using the values at atmos- 
pherie pressure as the datum, and the following equation 


S + (=) ly 
8p = 0 7 aT 


* It is well to point out that the coefficients adopted by this pro- 
cedure may not truly represent the actual phenomenon, and that 
experimental data at higher pressures would be desirable for checking 
the data given here. 

® Subsequent to the preparation of Figs. 5, 6, and 7, a slight error 
was found in checning the calculations. This error amounts to no 
more than 0.5 per cent at any temperature or pressure; this did not 
justify replotting the data. This accounts for the obvious discrep- 

ancies between Table 2 and Figs. 5, 6, and 7. 
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The function [(Op)/(0T)], was calculated by operating on the 
Beattie-Bridgeman equation. Again at the higher pressure, the 
entropy differences corresponding to selected temperatures were 
checked by use of Equation [13]. In no case were the entropies 
in disagreement by more than '/; per cent. 

The values of entropy have been entered in Table 2 and plotted 
in Figs. 5, 6, and 7. Entropies for the intermediate pressures 
were obtained by graphical interpolation with an accuracy of 
0.5 per cent. 


ACKNOWLEDGMENTS 


Appreciation is expressed for the valuable information sup- 
plied by Prof. Frederick G. Keyes of the Massachusetts Insti- 
tute of Technology, and for the instructive assistance by Mr. R. 
H. Norris of the General Electric Company. The author is 
indebted to Mr. R. M. Woody and Miss V. Demeo who per- 
formed the calculations, and to Mr. F. T. Rohrs who prepared 


i = 
3840 42 44 46 48 50 52 Sa 58 60 G2 6A G6 70 78 78 80 
ENTROPY, BTU/LB-DEG. FAHR. 
TEMPERATURE-ENTROPY DIAGRAM FOR HELIUM IN RANGE ; 


¢ 250 F ro 600 F ror Series OF PRESSURES AND SHOWING 
Lines oF ConsTANT ENTHALPY 


the curve plots. 180. 
9 


a 

1 ‘Helium,’ by W. H. Keesom, Elsevier, Amsterdam, Holland, 
1942, pp. 27-142. 

2 “Equations of State,’’ by J. A. Beattie and W. H. Stockmayer, 
Reports on Progress in Physics, vol. 7, 1940, p. 207. 

3 ‘“Temperature,”’ published by American Institute of Physics, 
Reinhold Publishing Corporation, New York, N. Y., 1941, p. 55. 

4 ‘Personal Letter to Author,”’ from Frederick G. Keyes, Massa- 
chusetts Institute of Technology, October, 1946. 

5 “The Entropy Diagram for Helium at Low Temperatures,”’ by 
J. Zelmanov, Journal of Physics, USSR, vol. 8, 1944, pp. 135-141. 

6 “The Mathematical Theory of Non-Uniform Gases,”’ by S. 
Chapman and T. G. Cowlings, Cambridge University Press, London, 
England, 1939, pp. 274-286. 

7 “Chemical Engineers Handbook,” by John H. Perry, MceGraw- 
Hill Book Company, Inc., New York, N. Y., second edition, 1941, p. 
792. 

8 “Thermal Conductivity of Gases,’ by J. B. Ubbink and W. J. 
de Haas, Physics, vol. 10, 1943, pp. 465-470. 

9 “Kinetic Theory of Gases,"’ by E. H. Kennard, McGraw-Hill 
Book Company, Inc., New York, N. Y., first edition, 1938, pp. 17S- 


ats 


wa 
| 756 TRANSACTIONS OF THE ASME 
f 
| 
— 
— 
/ 
Me 
L 
| 


10 “Specific Heat and Enthalpy of Helium at Low Tempera- 
tures,” by J. Zelmanov, Journal of Physics, USSR, vol. 8, 1944, pp. 
129-134. 

11 ‘“‘Joule-Thomson Effect in Helium,"’ by J. R. Roebuck and H. 
Osterberg, Physical Review (2), vol. 43, 1933, p. 60. 


Discussion 


F. G. Keyes.?. The author gives a comprehensive survey of 
the factual data upon which his tables are based, and Fig. 1 of 
the paper, leads quickly to a grasp of the extrapolation required 
because of the limitations in range of measurements of the 
p-v-T properties. 

The present tables are believed to be the most exact that can 
be compiled at this time, and cover the entire superheat from a 


7 Department of Chemistry, Massachusetts Institute of Technol- 
ogy, Cambridge, Mass. 
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few degrees above the critical temperature to a temperature 
(600 F or 315.5 C) reached by a restricted amount of the experi- 
mental data. However, the analytic functions used to repre- 
sent the basic observational data are of a form known to be re- 
liable for extrapolation. 

The basic data for viscosity are fairly complete, that for heat 
conductivity less so, and no pressure effects, which are small, 
have been measured. 
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Some New Values of the Second Enthalpy 
Coefficient for Dry Air 


By J. R. ANDERSEN,'’ PHILADELPHIA, PA. 


Measurements of the second enthalpy coefficient for dry 


CO.-free air are reported for three temperatures: 0 C, 
10C,and30C. These values, which are in excellent agree- 
ment with the best data on air in the literature, were 
formulated, together with the data of Eucken, Clusius, 
and Berger by the equation 


B = —0.05442G(0.01244 T), ft*/lb 


The second virial coefficient was then calculated by means 
of the equation 


B = 0.05442 /(0.01244 7) — 2.33 X 10°7, ft*/Ib 


where the value of the constant of integration was adjusted 
to give the best fit with the Holborn and Schultze com- 
pressibility data. These equations represent adequately 
all reliable data on air in the temperature range —80 C 
to 200 C. The functions / and G are the well-known 
Lennard-Jones functions, abridged tables of which are 
given in the Appendix. 


= 
HIS report presents the results so far obtained in an ex- 
perimental program for the determination of the thermody- 
namic properties of gases and gas mixtures at low pressures. 
The preference for low pressures is of course due to the interest- 
ing inferences which may be drawn as to the intermolecular force 
potential through the application of statistical mechanics. The 
method used, which is called by us the “Isothermal Joule-Thom- 
son Experiment,” consists of the measurement of the change in 
enthalpy with pressure at various constant temperatures. The 
method is generally similar to the Joule-Thomson experiment in 
that a steady flow of gas at constant inlet and exit pressures flows 
through a calorimeter in which there is an orifice or other con- 
striction to induce a drop in pressure, but differs from it by the 
introduction of a heater to restore the outlet temperature to its 
inlet value. Our choice of this type of experiment was dictated 
mainly by the following considerations: (a) the low-pressure data 
are determined directly, that is, without the necessity for extra- 
polation or differentiation of high-pressure data; and (b) certain 
design problems inherent in Joule-Thomson or specific-heat 
calorimeters are less onerous in this experiment, because it is not 
necessary to maintain temperature differences at the two ends of 
the calorimeter. 
In order not to complicate the development of the calorimeter by 
the necessity for solving other difficult problems concurrently, it 
was decided at the outset to use air as the experimental fluid and 
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to limit the range of physical conditions accessible to the ap- 
paratus. The upper limit of pressure was set at 4 atm, and the 
temperature range selected was 0 C to 30 C. 

Measurements of the second enthalpy coefficient for dry 
CO,-free air are reported for three temperatures: 0C, 10 C, and 
30 C. These values are in excellent agreement with the best data 
on air available in the literature and serve to indicate that the 
apparatus in its present form is capable of producing reliable data 
on the low-pressure properties of gases and gas mixtures in the 
range of physical conditions accessible to it. 


TuHeory AND Practical REALIZATION OF EXPERIMENT 


The equation of state of a gas is conveniently expressed as a 
power series in pressure 


pv = (pv) + Bp + Cp? +.... 


where (pv)® is the zero pressure value of pv, and B, C, . are 
called virial coefficients. (pv)® and B, C,.... are temperature 
functions. The enthalpy of a gas can also be expressed as a power 
_ series in pressure 


+ pspt+yp +. 


where h® is the zero pressure enthalpy and 8, y, .. . 
called enthalpy coefficients. h® and 8, y, .... are temperature 
functions. If (pv)® and A° are finite the second law of thermody- 
namics asserts that (pv) is proportional to a universal tempera- 
ture function called absolute temperature, i.e., (pv)® = RT. 

The virial coefficients B, C,... . and the enthalpy coefficients 
8, y,....are related. Consider the identical relation of thermo- 
dynamics 


. are herein 


(Oh/Op)p = v — T(dv/OT), 
It follows that 
B = d(Br)/dr; y = '/2d(Cr)/dr......... [A] 


where the reciprocal temperature r = 1/7 is used. Numerical 
values of the virial coefficients can be obtained from the enthalpy 
coefficients by integration of these equations 


B= a/ ag | 
= C= 


provided that some means of evaluating the constants of integra- 
tion are available. 

A steady-flow calorimeter suitable for the determination of the 
enthalpy coefficients consists of the following elements: (a) An 
entrance section for measurement of the inlet pressure and tem- 
perature; (b) an orifice or other constriction to induce a drop in 
pressure; (c) an electric heater; and (d) an exit section for 
measurement of the exit pressure and temperature. Furthermore, 
in order to eliminate the need for making difficult and uncertain 
corrections to the data, it is desirable to have the kinetic energy of 
flow of the experimental fluid negligibly small in the entrance and 
exit sections, and to establish adiabatic conditions along the walls 
of the calorimeter between the entrance and exit sections so 
that the rate of heat absorption between these sections is just that 
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deliberately introduced by the electric heater. In addition, it is 
necessary to provide (a) accurate control of the inlet and exit 
pressures; (b) a thermostat to establish the temperature level of 
the apparatus; and (c) means for measurement of the rate of flow 
of the experimental fluid. 

Under steady-flow conditions, with negligible kinetic energy of 
flow in the inlet and exit sections, conservation of energy requires 
that 


where he and A, are the enthalpies of the experimental fluid at the 
exit and entrance sections, respectively, :Q.2 is the rate of heat ab- 
sorption between these sections, and G is the rate of flow of the 
experimental fluid. If the rate of heat input is adjusted to re- 
store the exit temperature to its inlet value, there is obtained 


(he hi)r = (:Q2)7/G (7] 


The pressure drop pz — p; is also determined. These measure- 
ments yield numerical values of the ratio 


[(he — hi) /(p2 (:Q2)7/ (pe = [8] 


that is, values of the change in enthalpy with pressure at constant 
temperature are determined. 

The enthalpy coefficients are obtained readily from these data 
since 


— hi)/(p2 — = 6B + + pa) +....... [9] 


If the measurements are carried out at a sufficiently low pressure 
(strictly zero pressure), the second enthalpy coefficient 8 is de- 
termined directly. 

Statistical mechanics predicts that for molecules whose 
intermolecular force potential H(r) is independent of orientation, 
the second virial coefficient B is related to it by the expression 


B = — e~ Blr)r/k) 


in which r is the separation of any pair of molecules, No is Avo- 
gadro’s number, and k is the Boltzmann constant. This relation 
results from two basic assumptions, both of which are very nearly 
fulfilled at sufficiently high temperatures. It is assumed that a 
Maxwellian velocity distribution prevails and, further, that the 
kinetic and potential energies of the molecules are completely in- 
dependent of each other and continuously variable. It follows 
that the second enthalpy coefficient 8 is related to the inter- 
molecular force potential by the expression 


B = fy” (1 + (E(r)r/k — (11) 


Thus accurate values of the second enthalpy coefficient can give 
important information on the intermolecular force potential. 
Furthermore, Equations [10] and [11] with a plausible empirical 
form for the intermolecular force potential E(r) can be used effec- 
tively in the formulation of experimental data. 

One widely used empirical form for the intermolecular force 
potential is that of Lennard-Jones 


E(r) = 4e — [12] 


In this expression ¢ and ry can be regarded as parameters for em- 
pirical adjustment. The Lennard-Jones potential is shown 
graphically in Fig. 1. Using the Lennard-Jones form for the 
intermolecular force potential in Equations [10] and [11], the 
necessary integrations can be carried out. The results are 


B = —(2 G(kT/e) [14] 
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The functions F and G have been tabulated by J. O. Hirsch- 
An abridged 


felder, R. B. Bird, and E. L. Spotz (1)? and others. 
table of these functions is given in the Appendix. 


Fig. 1 Lennarp-Jones INTERMOLECULAR Force PoTrentTIAL 


DESCRIPTION OF APPARATUS 


The arrangement of the apparatus used is shown schematically 
in Fig. 2. 

The thermostat temperature-regulation system was of con- 
ventional construction and operation. The temperature range 
selected for experimentation permitted the use of water as thermo- 
stat fluid. The temperature of the thermostat was controlled by 
the circulation of an auxiliary fluid through coils immersed in the 
thermostat. The circulation of the auxiliary fluid was controlled 
by a conventional mercury-alcohol thermoregulator operating a 
circulating pump through a thyratron circuit. The temperature 
of the auxiliary fluid was maintained at the proper value by either 
an electric heater or a refrigeration machine as required. The auxil- 
iary fluid was a mixture of water and ethylene glycol. The 
temperature regulation obtained with this system was of the order 
of +0.005 deg C as ordinarily operated. The regulation could 
have been improved by the utilization of a more careful operating 
technique, but this was not thought to be necessary, since the 
temperature fluctuations were effectively damped by the heavy 
vacuum jacket surrounding the calorimeter. The inlet air to the 
calorimeter passed through a thermal ballast chamber to reduce 
its temperature fluctuation to negligible proportions. 

The air was supplied during a test by a small compressed-air 
cylinder suspended from one arm of a sensitive balance. The rate 
of flow was determined by recording the time required for a cer- 
tain weight of air to flow from this cylinder. The weight of air 
withdrawn was determined by the replacement method, the 
weights being placed directly over the center of gravity of the 
cylinder. Since weighing under flow conditions was necessary, a 
flexible take-off tube was provided. Balance was indicated by a 
balance signal and timing device, operated by a needle and mer- 
cury thimble mounted on the balance. The rate-of-flow deter- 
mination as made with this system was the least reliable of the 
measurements. The reproducibility of the flow-rate measure- . 
ment under identical flow conditions was seldom better than 1 part 
in 1000 and often not better than 1 part in 500. The difficulty 


2? Numbers in parentheses refer to Bibliography at the end of the 
paper. 
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COOLING OR HEATING SYSTEM 


seemed to be due to vibrations transmitted to the balance from 
other machinery in the laboratory. 

The rate of flow and inlet pressure were controlled by the calo- 
rimetey orifice in conjunction with two reducing valves in series. 

For convenience of operation and to make the reducing-valve 
settings independent of room temperature and barometric pres- 
sure, both of these reducing valves were arranged for pneumatic 
operation. The first reducing valve was compensated for drift in 
its discharge pressure by an electric heater wound around the 
ballast cylinder in its pneumatic system. This heater was 
actuated by a diaphragm pressure-compensating device which 
compared the discharge pressure of the reducing valve with a 
reference pressure maintained by a ballast cylinder submerged in 
the thermostat. The second reducing valve had its pneumatic 
system pressure maintained by another ballast cylinder sub- 
merged in the thermostat. The pressure regulation obtained 
with this system was of the order of +0.002 in. Hg. 

The back pressure in the calorimeter was controlled by a bank 
of four orifices in parallel so arranged that any one or a combina- 
tion of them could be opened to give the desired back pressure. 
This bank of orifices was thermostated to eliminate the effect of 
room-temperature changes. All orifices were operated with their 
back pressures less than the corresponding critical back pressure 
to make the flow through them depend only on the upstream tem- 
perature and pressure so that the settings of the pressures and the 
rate of flow were separated from any influence arising from ad- 
justment of the heat input. 

The pressures were measured by mercury manometers. The 
manometers had one leg evacuated to eliminate the effect of 
barometric pressure variation and also in order to give the 
absolute pressure directly. The absolute pressure in the vacuum 
system was measured with a McLeod gage. The manometers were 
of one-piece glass construction, the tubes having a bore of about !/2 
in. to minimize the effect of capillary depression. The meniscuses 
were located by means of small telescopes mounted on micrometer 
screws whose settings were established by comparison with a 
steel scale mounted on the manometer frame. 


4 
j MC LEOD 


Fig. 2. Scnoematic DIAGRAM OF APPARATUS 


and Northrup type K-2 potentiometer making use of a volt box 
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The essential features of the calorimeter in its final form are 
shown in Fig. 3. In use this device was mounted inside a heavy 
evacuated submarine which was in turn submerged in the 
thermostat. The experimental fluid entered the calorimeter 
through tube 1 after being brought to the thermostat temperature 
by passing through a cooling coil submerged in the thermostat 
and the thermal ballast. The inlet conditions were measured at 
section 2. 

The high-pressure manometer was connected to tube 3. A five- 
junction copper-constantan differential thermocouple 4 was used 
to indicate temperature restoration between the inlet and outlet 
sections. The remainder of the calorimeter consisted of an inlet 
labyrinth 5, orifice 6, heater 7, outlet labyrinth 8, mixing screens 9, 
and radiation shields 10 and 11. The heater wires were brought 
out through the capillary tubes 12 and the packing glands 13. 
The low-pressure manometer was connected to tube 14. 

The design of the inlet labyrinth may seem to be unnecessarily 
elaborate but this design was evolved after extensive experimenta- 
tion with simpler arrangements clearly demonstrated their in- 
adequacy in respect to heat leakage to the orifice by conduction 
along its inlet pipe. The orifice consisted of a thin brass disk 
cemented to the end of a long, thin-walled, lucite tube. The out- 
let labyrinth served to provide additional radiation shielding for 
the heater and helped to promote uniform flow conditions at the 
outlet section. The mixing screens served also to promote uni- 
form flow conditions. 

The entire calorimeter was constructed of brass with the excep- 
tion of the orifice mounting tube and the form on which the heater 
element was wound which were of lucite. Demountable connec- 
tions had neoprene gaskets coated with shellac on assembly. The 
electrical energy to the heater was supplied by Willard DD-5-1 
storage batteries which had excellent voltage stability for the low 
discharge rates used in this application. The heat-input circuit 
consisted of the batteries, voltage dividers for adjustment, the 
heater element, and a standard resistance. The potentials across 
the heater and the standard resistance were measured with a Leeds 
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Fic. 3 THe CALORIMETER 
when necessary. Temperature restoration was indicated by a 
high-sensitivity galvanometer connected directly to the differen- 
tial thermocouple. The sensitivity of the indication of tempera- 
ture restoration was about +0.0005 deg C. 


EXPERIMENTAL MEASUREMENTS 


The measurements made on dry CO,-free air with the ap- 
paratus in its final form are given in Table 1. It will be noted 
that at each temperature, measurements were made at two dif- 
ferent pressure drops. Since the same orifice was used, this re- 
sulted in two different rates of flow. These two series of measure- 
ments served to show (a) that the results were not sensitive to the 
rate of flow, and (b) that [(he — h:)/(p2— px)) 7 was not a function 
of pressure within the sensitivity of the apparatus. Dependence 
of the results on the rate of flow was taken as evidence of heat 
leakage to the orifice in the calorimeter. In the earlier arrange- 
ments used, the results had a pronounced sensitivity to the rate of 
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TABLE 1 MEASUREMENTS ON AIR 

Runt - Pe G x 10° hp by - 3 

(°c) (1v/rt®) (1b/sec) (ft-1b/2») 
34 10 3857.20 $.2069 188.126 0.04099 
55 10 3645.27 3.2120 157.854 0.04105 
%6 10 3849.35 3.2074 156.728 0.04072 
37 10 3855.54 3.2168 157.888 0.04095 
10 6651.79 4.7405 274.970 0.04070* 
40 10 6621.50 4.7861 273.470 0.04066" 
41 10 6682.05 4.6682 278.511 0.04090" 
42 10 29.76 4.692 271.224 0.04091 
43 10 6632.40 4.6837 272.875 0.04114 
44 10 $764.17 3.0071 150.948 0.04010 
45 10 3784.44 5.0813 154.039 0.04070 
Av. 10 0.04080 
58 0 4716.04 3.7983 212.654 0.04509 
59 471€.81 $.8051 212.118 0.04497 
60 6701.83 4.7700 $00,968 0.04491 
61 6710.00 4.7968 299, 782 0.044€8 
62 0 6714.34 4.7861 300.€60 0.04478 
6s 0 6709.24 4.7918 299.928 0.04470 
64 (a) 4734.15 3.8190 210.579 0.04444 
65 4758.36 3.7782 214.186 0.0452 
Av. 0.04485 
66 50 4694.57 5.6955 0.03514 
67 30 4696.13 5.6928 0.08523 
68 30 4700.05 3.6887 0.03501 
69 30 4695.59 3.7002 0.08487 
70 50 6674.81 4.6418 0.08485 
7 50 6676.33 4.6501 0.08477 
72 50 6669.68 4.6574 0.03500 
73 30 6672.00 4.6328 0.03517 
Av. 50 0.08500 


* These velues were corrected for the presence of water. 


flow, but successive improvements made in the thermal isolation 
of the orifice to reduce its heat leak reduced this sensitivity. Since 
the final measurements had a negligible dependence on the rate of 
flow, it was concluded that heat leakage to the orifice in the final 
design was negligible. The range of pressures used was not suf- 
ficient to reveal any dependence of hi) /(p2— on pres- 
sure, so these values were taken as a direct measure of the second 
enthalpy coefficient, 8. 

There was evidence that in runs 39, 40, and 41, water was 
present in the calorimeter. This was attributed to adsorption of 
water on the walls of the calorimeter as a result of exposure to the 
atmosphere when the calorimeter was disassembled for repair just 
prior to run 39. These runs were corrected for the presence of 
water on the assumption that the inlet air to the calorimeter was 
saturated with water at 10 C. This correction was calculated 


from the data by J. A. Goff (2) and had the magnitude 0.00064 _ 


ft/lb. 
FORMULATION OF Data 


The data were formulated, using Equation [14], with the con- 
stants 27Noro®/3 and k/e, adjusted by the method of least squares 


to fit the three average values of 8 at 0 C, 10 C, and 30 C. The 
results were 
= 0.0525, 0.0062, ft*/Ib 


k/e = 0.01226 + 0.00056, deg K~! } 


The standard error of each of the three experimental values based 
on this formulation is +0.00039 ft?/lb. Of course, the use of 
statistical methods with so few experimental values does not lead 
to reliable corclusions, but may be used as an indication of the 
goodness of fit. Values calculated from this formulation are 
compared with the experimental values in Table 2. 


TABLE 2 COMPARISON WITH FIRST FORMULATION 

B (ft®/Ib) 

T (deg K) Observed Calculated Deviation 
273.16 0.04485 0.04466 
283.16 0.04112 
303.16 0.03487 
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50 
It was felt that the only other reliable values of 8 for air in the 

literature were those of A. Eucken, K. Clusius, and W. Berger 
>) (3). Therefore the least-squares adjustment of the constants in 
5 Equation [14] was repeated using their values as well. Their 
J values were given a weight of one third as compared with 
: the values from the present investigation. The results of this 
o* formulation were 
2 Noro?/3 = 0.05442 + 0.00187, ft*/Ib 
4 k/e = 0.01244 + 0.00019, deg K-! 
0 
0 The standard error of each of our experimental values based on 
9 this formulation is +0.00027 ft'/lb. Thus the results of this in- 
7 vestigation can be formulated together with the Eucken, Clusius, 
> and Berger data by means of Equation [14] with no significant 
8 change in the constants. A comparison of values calculated from 
7 this formulation and the experimental values is given in Table 3 
“4 and shown graphically in Fig. 4. 


TABLE 3 COMPARISON WITH SECOND FORMULATION 
B (ft?/lb) 


T (deg K) Observers Observed Calculated Deviation 
273.16 0.04485 0.04473 —0,00012 
283.16 Andersen 0.04080 0.04115 0.00035 
303.16 0.03500 0.03483 —0.00017 
193.0 Eucken 0.08994 0.08947 —0.0004 
249.5 Clusia 0.05335 0.05452 0.00117 
273.2 0.04509 0.04474 — 0.00035 
289.8 — 0.03919 0.03892 — 0.00027 
‘ion 
nce 
e of 
inal a 
suf- 
ond 
was | 
the - — 
just 
e of 
was TEMPERATURE °C 
ated Fic. 4 Tae Seconp CoerrictEnt For AIR 
064 ©. Andersen; X, Eucken, Clusius, Berger; — 8 =—0.05442 G [0.01244 T)}.) 
The agreement shown in Table 3 is excellent; therefore it is 
a felt that Equation [14] with the second set of constants represents 
con- 
aan adequately the best available data on the second enthalpy co- 
efficient for air in the temperature range —80 C to 30 C. This 
formulation, however, must be considered an empirical one since 
(a) air is a mixture of gases so that 8 should be represented by a 
linear combination of integrals of the type given in Equation [11] 
rather than by a single such integral; and (6) the Lennard-Jones 
form for the intermolecular force potential only approximates the 
ased correct potential. Therefore to deduce values of the second 
se of virial coefficient B, one would expect to modify Equation [13] to 
lead 
the B = (2¢Noro?/3) F(kT/e) + GiT..... . (15] 
are 


in accordance with Equations [5] since there would be no good 
reason to expect the constant of integration to be zero. 

A comparison of Equation [15], using the constants of the 
second formulation with the values of B obtained from the 
Holborn and Schultze compressibility data, quoted by Curtiss 
and Hirschfelder (4), and with a single unpublished value ob- 
tained in this laboratory by W. Pfefferle, is given in Table 4. 
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TABLE 4 COMPARISON OF B WITH OBSERVED DATA 
B (ft?/lb) 


t (deg C) Observed Calculated Deviation 
0 —0.00653 —0. 00665 —0.00012 
30° —0.00300* —0.00301 — 0.00001 
50 —0.00126 —0.00112 0.00014 
100 0.00209 0.00243 0.00034 
150 0.00475 0.00474 —0.00001 
200 0.00669 0.00713 0.00044 


* This value is due to W. Pfefferle. 


TABLE 5 COMPARISON OF FORMULATIONS OF 8° 


t - 8B 
(°c) 
(a) (>) (c) (4) (e) (f) 

100 0.01821 0.02147 0.02555 0.02258 0.02202 0.02199 

75 0.02544 0.02544 0.02715 0.02635 0.02604 0.02614 

50 0.02981 0.05023 0.08161 0.03075 0.03017 0.05116 

25 0.08671 0.08614 0.08694 0.05601 0.08648 0.03739 

0.04475 0.04360 0.04541 0.04245 0.043546 0.04579 

-25 0.05514 0.05529 0.05145 0.05051 0.05215 0.05183 
- 50 0.06828 0.06634 0.06175 0.06095 0.0630 0.06146 
- 75 0.08530 0.08475 0.07534 0.07501 0.0770 0.07549 
-100 0.10850 0.11231 0.09427 0.09525 


(a) Present formulation (Equation (15)) 


(>) Bridgeman (1929) (7) 
(c) Beattie-Bridgeman (1928) (9) 
(4) Claitor—Crawford (1948) (8) 
(e) Curtise-Hirschfelder (1948) (4) 
(f) Roebuck-Murrell (1941) (5) 


The agreement is excellent, showing that Equations [14] and 
[15] with the constants 29 Noro®/3 = 0.05442 ft?/lb, k/e = 
0.01244 deg K~!, C, = —2.33 XK 10-5 ft*/lb-deg K represent all 
existing extensive information on air [except the Roebuck Joule- 
Thomson data, reference (5)] adequately over the temperature in- 
terval—80 C to 200 C. This seems to show that the Roebuck 
data are systematically in error. This conclusion is in agreement 
with the observations of de Groot and Michels (6) on the Roe- 
buck Joule-Thomson data for COs. 

A comparison of the present formulation of the second enthalpy 
coefficient for air with several other current ones is given in Table 
5. All of the quoted formulations except the present one and that 
of Bridgeman (7) have apparently given too much weight to the 
Roebuck data in the temperature range considered. 

It may be remarked that the agreement of the present formula- 
tion and that of Claitor and Crawford (8) improves at lower tem- — 
peratures and is quite good at —150 C to —180 C. This is en- 
couraging, since the Claitor and Crawford formulation gives — 
much weight to the accurate velocity-of-sound data available at — 
these low temperatures. 


CONCLUSIONS 


Some new experimental values of the second enthalpy coefficient 
for dry, CO,-free air are reported. These values were formulated — 
together with the data of Eucken, Clusius, and Berger (3) by the 
equation 


B = —0.05442 G(0.01244 7), ft?/Ib......... [16] 


The second virial coefficient was then calculated by means of the 
equation 


= 0.05442 F(0.01244 7) — 2.33 10-57, ft3/Ib. . [17] 
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in which the value of the constant of integration was adjusted to 
give the best fit with the Holborn and Schultz compressibility 
data for air. The conclusion is that Equations [16] and [17] 
represent adequately all reliable data on air in the temper: 
range —80 C to 200C. 
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measurements of the enthalpy pressure 
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are most encouraging, not only because they are made by a 
method which is, in principle, of the isothermal type, but also be- 
cause the results lead directly to a quantity representative of the 
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Tech- 


3 Department of Chemistry, Massachusetts Institute of 


nology, Cambridge, Mass. 


AUGUST, 1950 


Pressure of Carbon Dioxide,” by S. R. 
Physica, vol. 14, 1948, pp. 218-227. 

7 “The Joule-Thomson Effect and Heat Capacity at Constant 
Pressure for Air,’’ by O. C. Bridgeman, Physical Review, vol. 34, 1929, 
pp. 527-533. 

8 “Thermodynamic Properties of Oxygen, 


de Groot and A. Michels, 


Nitrogen, and Air at 


_ Low Temperatures,” by L. C. Claitor and D. B. Crawford, paper pre- 


sented at the Annual Meeting, New York, N. Y., 
December 3, 1948, of Tae American Society oF MecHANICAL EN- 
GINEERS. (Preprints available from the Towne Scientific School, 
University of Pennsylvania.) 

9 “A New Equation of State for Fluids,”’ by J. A. Beattie and 
O. C. Bridgeman, Proceedings of the American Academy of Arts and 
Sciences, vol. 63, 1928, pp. 229-308. 


November 28- 


Appendix 


LENNARD- JONES I FUNCTIONS F AND G 
Pr G F G 


27.878 
-13.797 
8.7204 


104.47 
44.046 
25.637 


2664 
- 0.2256 
0.1845 


1.4211 
1.5235 
1.23359 
1.1513 
6.1978 1.0750 
4.7102 
3.7338 
3.0474 
2.5380 


17.450 

12.965 

10.189 
8.5100 
6.9665 


1.0043 
0.9387 
0.8776 
0.8207 
0.7674 


2.1450 
1.8352 
1.5842 
1.3755 
1.2008 


5.9555 
5.1728 
4.5476 
4.0420 
3.6146 


$35 


0.7176 
0.6707 
0.6267 
0.5852 
0.5461 


n> 
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1.0515 
0.9232 
0.8119 
0.7141 
0.6277 


5.2577 
2.9525 
2.6887 
2.4591 
2.2572 


$83 


0.5089 
0.4738 
0.4405 
0.4089 

- 5788 
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0.5505 
0.4820 
0.4200 
0.3638 
0.5129 


2.0781 
1.9180 
1.7744 0.5503 
1.6450 0.3232 
1.5278 0.2972 

0.2725 

0.2489 


. 


(u} is, however, an involved function of “gas imperfection” as the 
equation 
= [T(dv/dT) — v}/[C,° — ST (0*%/dT*)dp] 

indicates. Indeed it is possible to design the apparatus for the 
measurement of both (0h/Op)r and (0h/OT),, [C,° + ST 
(0%/0T?)dp|, thus obtaining complete factual information on 
the equation of state and thermal properties in the equilibrium 
state. Moreover, by the use of this method the adverse effects of 
adsorption are avoided since a “flow’’ method is employed and 
measurements may be extended to temperatures practically 
inaccessible to apparatus employed for measuring p-v-T proper- 
ties directly.‘ 

The first exposition of the importance of measuring the quan- 
tity (0h/Op),7 isdue to Edgar Buckingham’ and a full discussion 


4 Measurements of the p-v-T properties of helium have recently 
been reported by W. G. Schneider to 600° C; a remarkable achieve- 
ment. ‘“‘Compressibility of Gases at High Temperatures. II. The 
Second Virial Coefficient of Helium in the Temperature Range 0 to 
600° C, by W. G. Schneider and J. A. H. Duffie, Journal of Chemical 
Physics, vol. 17, 1949, p. 751. 

5 “On a Modification of the Plug Experiment,” 
ham, Philosophical Magazine, vol. 6, 1903, p. 519. 


by Edgar Bucking- 
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of the significance and uses of both the enthalpy coefficient and 
the Joule-Thomson coefficient was published twelve years later 
by Harvey N. Davis. The development of the required experi- 
- mental procedures took place independently (1932) in Germany’ 
and in the United States. The methods used differed, however, 
in an important particular. In Germany the investigator 
~ allowed the gas to expand as in a Joule-Thomson measurement 
with subsequent warming to the initial temperature, thereby 
_ foregoing entirely any attempt to conduct an isothermal measure- 
ment. The United States workers expanded the gas in a uniform- 
bore platinum-iridium capillary tube in the walls of which an 
electric current was flowing sufficient to produce the heat needed 
to compensate for the Joule-Thomson cooling of the gas; a condi- 
tion indicated by the equality of the temperature of the gas enter- 
ing and leaving the capillary.* 

It will be observed that the flowing gas experiences a sharp 
change of velocity within the restriction and the attendant in- 
- erease in kinetic energy of the gas will be compensated at the 
expense of the sensible heat of the fluid. There will also be 
energy amounts due to the friction of the fluid in the constriction 
besides entrance and exit effects. Accordingly (0h/Op), cannot 
be made a rigorously isothermal experiment throughout the path 

of flow except in the limit of zero mass movement. However, the 
temperature changes due to the kinetic effects in the constriction 
are small relative to the Joule-Thomson effect, excluding the 
special region of inversion where (0h/Op),7 tends to zero. Above 

the inversion temperature heat must be abstracted from the ex- 
- panding gas and this cooling could be applied with precision by 
making use of the Peltier effect that occurs in proportion to elec- 
tric-current flow at one of a pair of junctions formed by two 
- metallic wires of differing substance. 
The author employs for the correlation of his measurements 


* “Note on the Value of Joule-Thomson Observations for Comput- 
ing Steam Tables,” by Harvey N. Davis, Physical Review, vol. 5, 1915, 
p. 359. 

7 “An Apparatus for Exact Measurement of the Isothermal Porous 
Plug Effects at Various Temperatures and Pressures,” by A. Eucken, 
K. Clusius, and W. Berger, Zeitschrift far Technische Physik, vol. 13, 
1932, p. 267. 

*“The Pressure Variation of the Heat Function as a Direct 
Measure of the van der Waals Forces,” by F. G. Keyes and 8. C. 
Collins, Proceedings of the National Academy of Science, vol. 18, 
1932, p. 328. 

®* The further development of the method is reported in a paper, 
“The Heat Capacity and Pressure Variation of the Enthalpy for 
Steam From 38 to 125 C, Part V, Steam Research Program,”’ by 8. C. 
_ Collins and F. G. Keyes, Proceedings of the American Academy of 
Arts and Sciences, vol. 72, 1938, p. 72. This method can also be 
used to determine the heat of a chemical reaction for gaseous dissocia- 
tions of the type A: — 2 A1. 

10 ‘Note on the Year’s Progress on the Precise Measurement of the 
Effects of Intermolecular Potential in Gases,” by S. C. Collins and 
F. G. Keyes, Journal of Physical Chemistry, vol. 43, 1939, p. 5. 
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the intermolecular potential, Equation [12] which is a convenient 
special form of the so-called Lennard-Jones formula for the poten- 
tial energy of intermolecular interaction, namely, E = yr-* — 
ur-™, where n/m is taken to be 2, and m is 6 in accord with the 
first approximation for the negative part of the potential based on 
the quantum theory. Equation [12] has been widely used, as 
the author states. The writer’s colleague, Prof. I. Amdur," has 
succeeded in measuring the repulsive or positive part of the 
potential in the case of He-He and He-Hg, and finds for the first 
and second pair of particles the following potential forms 


10~" ergs (r range 0.55 — 1.05A) 
He-H,, V+(r) = 0.846 exp (—24.9 r?) + 
0.211 exp (—2.40 r*) X 10~-” erg (r range 0.28 — 0.70A) 


He-He, V+ (r) = 11.3 exp (—4.63r!/*) x 


The foregoing equations are illustrative of the complexity of the 
analytical forms required to represent within experimental ac- 
curacy the positive potential. For the negative part of the 
potential it has long been known that where accuracy of knowl- 
edge of the potential is required, the following type of expression 
is to be used 7 


It is therefore clear that Equation [12] must be regarded as a 
rough expedient sufficient for exploratory purposes or as a first 
approximation, provided the ranges of representation are re-— 
stricted. In the present case the range from —90 to 30 C is” 


accurately represented and it is hoped measurements may be 
extended to temperatures of perhaps 500 C, or higher if possible. a ‘ 


AuTHOR’s CLOSURE 


The remarks by Professor Keyes are greatly appreciated. 
To have Professor Keyes give a short history of the “Isothermal 
Joule-Thomson Experiment” is a welcome supplement to the 
paper since the author had not been willing to take the space for 
it and further since Professor Keyes has personally contributed 
such a great deal to it. 

Professor Keyes’ further remarks on the proper representation 
of the intermolecular force potential are very interesting and point 
up the difficulty in obtaining accurate analytical expressions for 
any thermodynamic property over an extended range of physical. 
conditions. The interesting feature of the formulation presented — 
in the paper is not that any particular virtue is associated with 
the use of the Lennard-Jones form for the intermolecular force’ 
potential but rather, that this crude approximation to the correct 
form for the intermolecular force potential represents the data 
so well. 


1! “Repulsive Interaction Potentials at Small Interaction Dis- 
tances: He-He and H:-H: Systems,"’ by I. Amdur, Journal of Chemi- 
cal Physics, vol. 17, 1949, p. 844. — -2e--™ 
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Measurements of the Heat Conductivity 


_ The heat conductivity of steam has been measured by 
-Timroth and Vargaftig (1940) from approximately 100 to 
550 C and to pressures of 250 atm, using the hot-wire type 
of conductivity cell, wherein the wire of pure platinum 
serves as thermal emitter, and its electrical-resistance 
change provides the temperature indication. The new 
measurements in the present paper were obtained using 
a concentric cylinder type of conductivity cell in which 
the heater and thermometric parts were isolated from 
contact with the material whose conductivity was being 
measured. Vargaftig had published (19357) measurements 
of the heat conductivity of nitrogen in substantially the 
The measurements on 
nitrogen are in tolerable agreement with the Vargaftig 
measurements, but in the case of steam the new measure- 
ments are considerably lower in magnitude. A comparison 
of the two sets of steam data indicates some peculiarities 
“o temperature trend in the Timroth and Vargaftig data 
Ww hich find no correspondence in the data of any other 
_ saatanee, and also differs from the trend relative to the 
new data. A formulation of the steam and nitrogen data 
es given in terms of pressure and temperature as inde- 


pendent variables. 


; EASUREMENTS of the heat conductivity of steam for 
M pressures of about 1 kg per cm? were published in 1937 
by Vargaftig (1) for the temperature range 69 to 550 C. 
A few years later, however (1940), data appeared by Timroth and 
Vargaftig (2) for the temperature range 250 to 550 C and to pres- 
sures of 250 kg per cm*. These later data were correlated by one 
of the authors and a table of the values given in the Keenan and 
Keyes Steam Tables (3) beginning with the 1943 printing. 

The only earlier measurements for steam are those of Moser (4) 
who gave values relative to air at 100 C and somewhat less. The 
most comprehensive earlier data, however, were published by 
Milverton (5) who carried out a painstaking investigation in the 
temperature region just below 100 C. Milverton detected a pres- 
sure effect; roughly, one tenth of that deducible by extrapolation 
from the data of Timroth and Vargaftig. Milverton’s formulated 
data give a value for the heat conductivity of steam at 100 C at 


same cell used for steam. new 


! Results recorded in this article are from a thesis submitted as 
partial fulfillment of the requirements for the degree of Doctor of 
Philosophy in Chemistry at the Massachusetts Institute of Tech- 
nology. 

This paper is a summary of part of the results obtained in the course 
of a program of research supported by the Office of Naval Research. 

? Professor of Physical Chemistry, Massachusetts Institute of 
Technology. Mem. ASME. 

* Graduate Student, Massachusetts Institute of Technology. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Research Committee on Properties of Gases and 
Gas Mixtures, Heat Transfer, and Applied Mechanics Divisions and 
presented at the Annual Meeting, New York, N. Y., November 27- 
December 2, 1949, of THe American Society oF MECHANICAL 
ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
Paper No. 49—A-43. 
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zero pressure,’ in fair agreement with Vargaftig’s 1937 value: 
5.77:10-* and 5.63-10~5, respectively, in egs units. 
values are now mainly of historic interest. 

The present measurements of the heat conductivity of nitrogen b 
are associated with those of steam for several reasons, as follows: 


Moser's 


1 All the measurements on steam have been obtained using 
the “‘hot-wire’’ method originally due to Schleiermacher (6); a 
method which makes use of a wire of pure platinum stretched , 
axially within a tube containing the fluid of interest. The wire 
serves as an electrical heater for measured heat losses and also as a © 
The method during the past 25 vears 
has been brought to a high state of perfection for the measurement 
of heat conductivities of gases at low pressures. The Timroth 
and Vargaftig (2) measurements on steam represent an attempt to 
adapt the hot-wire method to measurements with steam and nitro- 
gen [Vargaftig (1)] under pressure. It is desirable, however, to 
confirm the accuracy of the existing results through the use of a 
different method, and the alternate measurements of nitrogen and 
steam in the steam cell constitute a control which has proved 
highly desirable. 

2 The case of steam presents difficulties of a fundamental 
nature in interpreting the apparent heat conductivities due to its 
highly polar character,® namely, its property of absorbing and 
emitting radiation. All metals emit radiation when heated and in 
varying degrees depending upon the state of the emitting surface. 
Thus silver under the most favorable conditions will reflect close 
to 99 per cent of radiant energy, while platinum wire in practice 
may, as shown by Milverton, reflect only 9C per cent or less. The 
use of nitrogen, which is transparent to radiation, served as a 
means of controlling the behavior of the steam cell. 

The effect of radiation absorption on the heat conductivity (the 
latter defined as proportional to the temperature gradient) may be 
described by noting that the gradient, when determined by meas- 
uring the surface temperatures of the metal, orother material, walls 
of the conductivity cell between which the steam is confined, does 
not correspond to the actual gradient since a part of the radiant 
energy emitted by the hotter surface is absorbed depending on the 


resistance thermometer. 


5 The meaning to be attached to the phrase, “heat conductivity at 
zero pressure, o,"’ in the case of gases, is similar to ‘‘specific heat at 
zero pressure, C’p®.’’ The concept relates to the fact of experience that 
on extrapolation of the quantities measured at finite pressures to 
lower pressures, the ‘‘pressure effect’? becomes linear to an increasing 
degree as the limit zero is approached, and o is the limiting value in 
the sense of this ultimate extrapolation. Experience shows, however, 
that at very low pressures, beginning at about 0.1 mm (about 0.002 
psia), gases begin to exhibit properties in containers of finite size in 
contrast to the properties manifest when the distance interval between _ 
molecular collisions is microscopic relative to the dimensions of the 
container. Thus in the heat-conductivity cell used in the present in- 
vestigation at a pressure of 0.0000002 psia, the number of molecules é 
between the walls has become so small that the amount of heat 
transferred by them is not measurable in comparison to the heat trans- 
ferred by radiation. It follows also that the quantities Xx and Cp® are 
functions of temperature only as (pv)° is solely temperature-de- 
pendent. 

* The term “polar” refers to the fact that the water molecule, due 
to its structure and in complete contrast to nitrogen, possesses a per- 
manent electric dipole of large magnitude. The presence of the 
dipole is responsible for the strong energy radiation absorption and 
emission characteristics of steam. 
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geometry and distance of separation of the surfaces and the de- 
tailed structure of the emission spectrum of the steam. The usual 
procedure of subtracting the total amount of the radiation due to 
the hotter surface from the total energy input to the cell is per- 
missible in the case of a radiation-transparent gas like nitrogen, but 
evidently not in the case of the polar substance water vapor, unless 
the radiation effect is of the same order of magnitude as the ex- 
perimental error of the conductivity measurement or less. In so 
far as is known, the rational adjustment of measurements of heat 
conductivity of polar substances to allow for radiation-absorption 
characteristics has never been made or discussed. 

Finally, the choice of cell design in the case of steam must be 
governed by the finite electrical conductivity which is a property of 
water and adsorbed water vapor on surfaces. The disturbing ef- 
fects of moisture, for example, on the behavior of platinum-re- 
sistance thermometers has long been known. 

The leads from the cell used by Timroth and Vargaftig were in 
contact at room temperature with liquid water at the point of exit 
from the cell case. This circumstance along with possible dis- 
turbance to the functioning of the platinum wire as a resistance — 
thermometer because of adsorbed water vapor and the Thomson 
effect’? was not discussed in their paper and the question of radia- 
tion “corrections” was referred to without sufficient detail for 
critical judgment. Since Vargaftig in the 1937 paper gives tests of 
a steam cell using nitrogen as well as steam, a comparison of the 
results using nitrogen and steam in our steam cell proves interest- 
ing. 


THe STRAIN-FREE AND THE STEAM CELL 


There has been in use during the past year a silver ‘“‘strain-free” 
cell and also the steam cell whose heaters and thermocouples and 
all leads were encased to prevent contact with steam or water. 
The encasement predisposed the cell to thermal] strains which were 
absent in the strain-free type where the heater and thermocouples 
were in direct contact with the substance under measurement. 
The leads from the strain-free cell parts were, however, so delicate 
(0.003-in. X 0.0155-in. ribbon) that no strain or distortion of 
recognizable amount could occur through temperature or pressure 
change. 

The general form of cell employed, Fig. 1, was the concentric 
cylinder type of fine silver with an axial heater throughout the 
length of the inner cylinder, and thermocouples in the cylinder 
walls of the inner or emitter cylinder and the outer or receiver 
cylinder. A bottom portion of silver was attached, adjusted in 
distance of its inner surface from the lower face of the emitter by 
an amount (0.025 in. = 0.0001 in.) equal to the annulus formed 
by the emitter and receiver. Thermal contact of the bottom 
piece to the receiver was secured by means of three screws holding 
the surfaces at the receiver piece in contact. 

Above the cell there is a “heat station” or heat guard to inter- 
cept the flow of heat to or from the emitter along the electrical 
leads. The heat station contains a heater and a thermocouple 
along with means for bringing about good thermal contact of the 
leads with the body of the heat station. The temperature of the 
heat station, as indicated by its thermocouple, was maintained 
the same as that of the emitter as recorded by its thermocouples. 


7 The Thomson effect is a measure of the amount of distortion of a 
temperature gradient due to an electric-current flow. If ¢ denotes the 
Thomson coefficient, g the heat absorbed or evolved depending upon 
the direction of current flow, then g = o i(dt/dr)dx. The effect has 
never been given consideration in interpreting the data from “‘hot- 
wire” conductivity cells. 

5 The intercepting of heat flow along the leads is necessarily imper- 
fect in the case of the heater leads because of the higher temperature ~~ 
which the heater wire must have to effect heat transfer to the body of _ 
the emitter. This heater-wire temperature will be greater as the y 
energy imparted to the heater i is increased. 
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Fie. 2 ANNEALED CHROMEL-ALUMEL THERMOCOUPLES 


The thermocouple wire employed was chromel-P and alumel, © 
chosen because of its adaptability to high temperatures, its large 
and moderately constant value of dE/dt over the temperature — 
range of the measurements. 


C. The course of the AZ/ At values is represented in Fig. 2 and a 
confirmation of the accuracy of the values was obtained by com-_ 
paring the graphically obtained integral values from the 0E/0t, 
t-plot from zero to various temperatures with measured integral — 
values between the ice point and corresponding temperatures. 
For example, the 0-deg to 100-deg-C measured value of the emf is 
4289 uv, while the integrated value 4290 was found by graphical 
integration under the dE /dt, t-curve. All thermocouple wire used 
was in ribbon form 0.003 in. thick and 0.0155 in. wide, annealed’ 
to 500 deg C for 205 hr in the presence of carbon dioxide. The 
potentiometer was sensitive enough for readings to 0.1 wv, equiva-_ 
lent to 0.0025 deg C for a single junction. For the 25-ohm— 
platinum-resistance thermometers a Mueller bridge of Wolff manu- 
facture was employed. 


Tue Constant 


The dimensions of the silver emitter and receiver were obtained 
through the use of the length-measuring facilities and standard 
gages of the mechanical engineering department (M.1.T). How- 
ever, to obtain the mean diameter of the inside cylindrical surface 
of the receiver, it was first measured for length and outer diameter 
prior to drilling the thermocouple and centering holes. From the 
weight of the receiver in air and water, using Archimedes’ princi- 
ple, it accordingly became possible to ceduce the mean inner 
diameter. The dimensions, Fig. 1, of the steam cell were approxi-— 
mately as follows: Length of annulus, 4.5 in.; 
annulus, 0.8512 in.; larger 0.9012 in.; annular width 0.025 deg. | 
The strain-free cell was very closely of the same dimensions. 

The Fourier theory of heat conduction leads to the following 
equation for a steady state of heat flow in the case of an infinite 
cylindrical annulus where \ is the heat conductivity of the ma- 
terial in the annulus; r: its larger and r; its smaller radius; L the 
Jength; t and t; the temperatures corresponding to the surfaces of | 
radii r2,7,; and q, the heat flow per sec in the steady state 


2rL 
— = 


smaller diameter of 


| 
a 
q 
- 
; 
/ 
q 42 
| 
q NS 
4) 
« ¢ 
| 
‘ 
4 
3 
alls 
* 
~ 
a 
a 


The heat-temperature difference ratio for the circular bottom of 
the emitter is qo/(te — ti) = A(w r,2)/( Ar) where Ar is re — rn. 
There will also be a small additional flow of heat at the corners of 
this bottom disk, an item, q,/(t2 —t,) = (cd) /( Ar), approximately 
'/s9 of the whole. We have then 


Xq/At = Xq/ Al x [2] 


In re/ry Ar Ar 


A = 


where C is the cell constant equal to the quantity in parentheses, a 
function only of the cell dimensions. 

A question arises regarding the degree of approximation to in- 
finite length for the actual cell described. The ratio of length to 
annular width is 180. However, the material silver has a con- 
ductivity 17,000 times that of air at 0 deg C and 1 atm, and while 
toward the bottom heat is actually flowing axially as well as 
radially, the proportion is only 1 in 22 of the whole for the entire 
emitter surface, while at the top heat is largely prevented from 
flowing axially owing to the presence of the heat station at the 
same temperature as the emitter. However, the main reliance 
justifying the use of the infinite cylinder formula rests on the fact 
of the enormously greater heat conductivity of the silver tending 
to prevent to a good approximation any variation of temperature 
at points on the radius of the emitter near the bottom. Tests with 
a brass cell at the outset of the investigation indicated no “meas- 
urable’’ differences in temperature at the ends of the emitter rela- 
tive to temperatures at the middle. 

Using the computed cel! constant in the case of the strain-free 
cell, the following values were obtained for the heat conductivity 
of air at 0 deg C. 


Strain-free brass cell \-105 = 5.83 (steam calories per cm per sec 
per deg C) 

Strain-free silver cell A-105 = 5.80 

Correlation value A-105 = 5.77 


The “correlation” value quoted is obtained from a consideration 
of all the published data to 1947, for the heat conductivity of air. 
The smoothing equation found to be satisfactory follows 
0.6302 V/ T 


(Air) «10 = — 


i + 945.17/10""’ IT cal per em per sec 
IT 


per deg C...... [3] 


where Xo signifies the conductivity for. the limiting pressure zero, 
T denotes Kelvin scale temperature, and 7 its reciprocal 7~'. The 
large amount of data for air extending over the temperature range 
about 100 deg to 600 deg K lies for the greater part in a deviation 
band of width + 3 per cent. 


Mope or TAKING AND TREATING OBSERVATIONAL DATA 


It is a well-known fact that the amount of energy which is 
radiated from the surface of a solid surface is very sensitive to the 
_ state of the surface. The presence of a film of oil, oxide, or even in 
some instances vapors, is known to increase markedly the radiation 
absorbed or emitted. The experimental arrangement in the pres- 
ent measurements permitted the cell case to be highly exhausted 
to the point where residual gas made no measurable contribution 
to the loss of heat from the emitter. The measured losses in 
vacuo were then due to conduction at the points of support of the 
emitter at the pyrex cone contact, Fig. 1, along the copper leads of 
the heater and to radiation from the emitter surface.’ At each 


* The radiation loss from the silver surface may be assumed related 
to temperature according to the fourth power of the Kelvin tempera- 
ture. It has been found that the emissivity of silver formulated by 
this relationship is a function of temperature. Evidently the radia- 
tion loss of heat becomes very great at high temperatures and for this 
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temperature of observation in the strain-free cell used for the 
nitrogen measurements, a determination of the in-vacuo heat loss 
was made. In the ease of the steam cell, in-vacuo heat-loss de- 
terminations were made at 100 C and the cell constant determined 
using the control gas nitrogen. At higher temperatures the in- 
vacuo heat loss was determined through the use of nitrogen. 

The quantities measured are the heat input to the emitter in 
joules of electrical energy, the temperature of the emitter at a 
point about 1 mm from the emitter surface, and similarly the tem- 
perature of the receiver. The temperature of the surface of the 
emitter and the receiver is not the same as the temperature of 
these elements at a finite distance from the surface, except for in- 
finitely small energy rates to the emitter. Also, only in the limit 
of small energy input will the lead loss along the heater leads, 
due to the unavoidable higher heater-wire temperature, be- 
come negligible. Turbulence or natural heat convection, while J 
allowed for in the design, can be regarded as rigorously absent 
only when the temperature difference approaches zero." There- 
fore at least three complete sets of observations of the steady- 
state values for increasing energy input with correspending read- 
ings of the temperatures of the cell elements were made for each — 
constant temperature of the surrounding environment of the cell / 
case and constant pressure of the substance under measurement. 
By graphical treatment the value of q/ At, the energy input di- 
vided by the corresponding temperature difference, was obtained _ 
for q?/ At approaching zero. The following considerations indicate 
the reason for using the latter variable: 

The total heat input q is assumed given by the following equa- 
tion 

= Cat + Gat + 


where \ is the heat conductivity of the gas within the cell in a _ 
fixed state, C is the cell constant, and Af the temperature differ- 


ence corresponding to the energy input g. C, is the radiation con- — 


of heat along the centering supports m: aintaining the emitterinan — 
axial position within the receiver, while C, is a constant of propor- 
tionality relating to the elevation of Me tetiaaos at the heater- | 
copper lead junction above the mean temperature of the heat | 
station.'' Dividing the left-hand member of Equation [4] by _ 
Af leads to the justification for the choice of variables. 

An equation similar to Equation [4] results for the in vacuo 
situation with the term containing \ absent. Therefore, by de- | 
termining the limiting value of q/ At for the in-vacuo condition, it 
becomes possible to compute A. All the heat conductivities listed | 
were obtained by this procedure of multiple observations, and — 
their graphical extrapolation to obtain (q/ At) q — 0. 


reason the accuracy of measurements of heat conductivity becomes 
progressively impaired with advancing temperature. It will also be 
observed as mentioned earlier that the difficulty ef interpreting the 
observational data becomes greatly enhanced in the ease of polar sub- 
stances among which steam is an outstanding example. 

' H. Kraussold (7) has shown that the criterion for negligible con- 
vection requires that the annulus width 4 in the ev 
be given by the following relationship 


le 1 
5=10 ( ) 
p*-g-B- At-c 
where c is the specific heat, u the viscosity, p the density, g the gravita- 
tional acceleration, 8 the volume exhaustivity with temperature, il 
At the temperature difference. 

1! The temperature elevation of the heater wire above the es 
temperature of the emitter necessarily required to effect heat transfer 
may be assumed to vary with energy transferred as the energy input 
for small inputs, or d« /aq ~ g, which leads to the relation ¢, the eleva- 
tion of junction temperature, proportional to g?. The latter relation- 
ship follows from the empirical finding of a linear relation between 


q/Atand q?/At. 
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TABLE 1 HEAT CONDUCTIVITY OF STEAM ' 
(IT cal per see per em per deg C) © 
+ °c p ata 10° A ots Acale 
102.86 0.03 5.666 a 5.665 0.0 
102.82 0.47 5.734 a 5-719 + 0.3 
199.84 4.67 £.064 ¢ 7.773 + 3.6 
199.80 12.52 £.650 8.310 + 3.9 
202.30 0.03 7-391 o 7.580 - 2.6 
202.34 4.70 7.580 a 7.819 - 3.2 
202.40 9.26 7.973 a 8.102 - 1.6 
202.30 12.52 8.264 a 8.340 - 0.9 
297.85 4.71 9.668 ¢ 9.584 + 0.9 
297.77 12.52 9.887 © 9.792 + 1.0 
297.91 21.97 10.144 ¢ 10.090 + 0.5 
297.21 43.49 10.712 ¢ 11.024 - 2.9 
300.40 73-87 12.517 ¢ 13.187 «$3 
306.64 39.98 10.752 > 10.894 - 1.3 
306.40 63.92 11.333 d 12.2 
306.82 21.54 10.325 » 10.199 + 1.2 
307.52 4.57 9.938 9.759 + 1.8 
307-39 4.57 9-915 9-759 + 1.6 
307.76 12.70 10.205 » 9.958 + 2.4 
307.33 12.70 10.171 » 9.958 + 2.1 
351.18 12.52 10.560 ¢ 10.741 - 1.7 
350.53 43.71 11.470 ¢ 11.473 0.0 
350.76 72.86 13.032 ¢ 12.522 - 3.9 
349.01 103.77 13.925 ¢ 14.229 = 2.2 
350.40 149.93 18.681 ¢ 18.686 0.0 


° Computed from the following equation 


10° A = 10° A, + 1.096 x 10% _ 


-1 


1) 


where @ = and p is in 


and 10 Ao 1.5456 
1 + 1737.3%/10?* 


** The deviation is given by the expressic: 7 
‘ 
Nove - Acate 


x 100 


obe 


a represents values of heat conductivity in steam cell No. 1 


bd represents values of heat conductivity in revision No. 1 
of steam cell No. 1 


¢ represents values of heat conductivity in revision No. 2 
of steam cell No. 1 


THE Sream Data 

The value of 4, the heat conductivity for steam, deduced from 
the observations taken to August, 1949, are assembled in Table 1. 
The basis for correjating the data requires \o, the heat conduc- 
tivity corresponding to zero pressure, since the quantity is a func- 
tion of temperature only, and it is convenient in the absence of 
any adequate theory of the effect of pressure on heat conductivity 
to assume that generally may be represented by the following 

form of relationship 


A = do + | 


It is likely that when more complete data for a variety of sub- 
stances become available the pressure dependence can be 
more simply expressed in terms of density and temperature as in- 
dependent variables, but convenience at present is served by a 
pressure-temperature function. 

It may be supposed that the pressure effect will diminish as 7’ 
increases (7’~! = 7 small), and this indeed proved to be the case 
when, some years ago, the Timroth and Vargaftig data were cor- 
related. The form of function f(7,p) found to represent the Rus- 
sian data most satisfactorily was as follows 


f(p,r) = C —1}........... 


a relationship which vanishes as p approaches zero and also as 7 
becomes very large for any finite pressure. Also, for small pres- 
sures at all finite temperatures the pressure effect of f(r, p) be- 
comes (Ca)r‘p, on expanding the exponential in Equation [6], a 
linear dependence. 

At constant pressure \o, as has long been known, increases in- 
definitely and regularly With temperature while f(r, p) of Equation 
[6] decreases. Therefore, for a particular value of the tempera- 
ture along the isopiestic heat conductivity-temperature course, 
there will be a minimum in A, the minima for increasing isopiestics 
eccurring at progressively higher temperatures. This is exactly 
what the Timroth and Vargaftig data show with A falling from the 
saturation-pressure value, reaching the minimum and again in- 
creasing. Therefore, for the isopiestic above the minimum there 
are two temperatures with numerically equal \-values. 

The value of C in Equation [6] was taken to be 1.096 for the new 
steam data with 0.934-10® (2.151-10° nat logs) for a. The Xo 
values employed in computing the values in Table 1 were ob- 
tained from the following equation based on the 1-atm measure- 
ments 


1.5456 
1 + 


10®Ao = IT cal per sec per cm per deg C [7] 
The fifth column of Table 1 lists the deviations of the observed 
conductivities from those computed and there appears to be no 
pronounced trend in sign except the tendency to negative values 


. around 200 deg and positive at about 307 deg C. It will be ob- 


served that the f(7,p) chosen is a two-constant form and, when ad- 
ditional data are available, it may be found that a less simple 
correlative equation is required. 

The Timroth and Vargaftig data were represented some years 
ago (3) by the form of Equation [6], with, however, the constants 
¢ = 2.486 and a = 1.832-10° (nat logs) for pressure in atmos- 
pheres, r in reciprocal Kelvin degrees, and 105 in IT cal per sec 
per cm per deg C. Accordingly, the pressure effect is considerably 
larger for the Timroth and Vargaftig observations. It was also 
found that the Xo, or more accurately, the \; values for 1 kg per 
em? exhibited an exponential rise with temperature beginning at 
about 250 C, and extending to 550 C. The equation obtained for 
the Timroth and Vargaftig \; data (1 kg per cm) follows 


105A; = 0.3191 ¢3-5234-10 *T® cal per sec per em per deg C 
[8] 


However, taking the ensemble of low-pressure data published in 
the 1937 paper of Vargaftig (1), and the 1940 paper of Timroth 
and Vargaftig (2), it is possible to correlate the data from below 
100 to 550 C with the following form 


1.0446 


(2.191-10%r /10!-5% 4) 
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KEYES, SANDELL—NEW MEASUREMENTS OF HEAT CONDUCTIVITY OF STEAM, NITROGEN 


The implications contained in the form Equation [9] are made 
evident by considering Fig. 3 where 10° V 7'/ is plotted versus 
r-102/10!-5%10"r? In the figure the observed Vargaftig, and Tim- 
roth and Vargaftig data are represented and also the authors’ data 
for 1 atm. The Russian \,, VT data in the variable VT/m de- 
crease so rapidly with increasing temperature (declining 7) that 
the extrapolation to higher temperatures than 550 C is moving to 
negative values in contrast to the trend of the new data. Extra- 
polation of \; by means of either Equation [8] or Equation [9] to 
2000 K would cause \; to assume very large values; literally in- 
finite values for temperatures which would cause the denominator 
of Equation [9] to vanish. Actually, however, the new data 
(Ao instead of \,) are best represented by Equation [7]; an equa- 
tion of the form which correlates satisfactorily the \o values for a 


TABLE 3 HEAT CONDUCTIVITIES OF STEAM FOR PRESSURES 
APPROACHING ZERO 
6 
t 10° A, 10° A, 10 Dev. * 
250 9.078 9.046 8.518 6.1 
300 10.178 10.156 9.522 6.7 
350 11.517 11.502 10.522 9.3 
400 13.177 13.166 11.533 14.2 
500 17.941 17.934 13.566 32.2 


a Computed from the equaticn 10 A, 


see “Note” at foot of Table 2. 


= 0.319/T 10°68 16 


> The values in column three are the 4, values (1 ke per cm’) 
of Timroth and Vargaftig corrected by using the Keyes and 


Sandell f(@,p) relation. See "c" at foot of Tatle 2. 


e These vslues are computed froc the 10°49 equation based on 
the new observations. 
x 100 


number of other gases from low (—200 C) temperatures to about 
300 C (air, nitrogen, oxygen, hydrogen, helium, carbon monoxide, 
and carbon dioxide). 

The data of Timroth and Vargaftig are compared with the new 
data on heat conductivity in Table 2 for temperatures from 250 to 
500 C at pressures from 20 kg per cm*. The comparison is made of 
the computed Timroth and Vargaftig values with computed 
values using the correlative equations based upon the new data 
and given at the bottom of the table. The corresponding ob- 
served values of Timroth and Vargaftig are also listed in the table 
to supply an impression of their accord with the computed values. 
In every case the new values as represented by the correlative 
equations are less than the Timroth and Vargaftig values. How- 
ever, the temperatures of the new observations do not extend 
above 350 C. 

It is of interest to compare the low pressure \o, or \,, values 
from the Timroth and Vargaftig measurements with the similar 
new values. For this purpose Table 3 is given for the range 250 to 
500 C. Below 250 C the agreement between the two groups of 
low-pressure data is more satisfactory, although the Timroth and 
Vargaftig data are the larger. From Table 3 it appears that a con- 
siderable part of the difference between the Timroth and Vargaftig 
data and the new data is caused by the larger \o-value. 
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TABLE4 NEW DATA FOR HEAT CONDUCTIVITY OF NITROGEN 

t p atz 10° obs 10°A cale Dev. 
0.57 1 5.857 a 5.824 + 0.6 
0.70 1 5.790 b 5.824 - 0.6 
0.69 45.5 6.370 d 6.388 - 0.3 
0.48 93.7 7-106 7-105 + 0.0 
0.64 140.7 7-958 b 7.963 - 0.1 

27.2 1 6.257 a 6.234 + 0.4 
29.40 26.0 6.609 a 6.527 + 1.2 
25.54 60.9 7.065 a 6.891 + 2.5 
24.38 91.2 7.340 7.291 + 0.7 

2k. 122.6 7.787 a 7.829 = 0.5 

25.1 151.7 6.286 a 8.290 = 0.2 

104.46 1 7.293 4 7.264 + 0.4 

104.15 1 7.292 a 7.264 + 0.4 

101.58 1 7241 ¢ 7-229 + 0.2 

104,12 44.7 7.721 a 1.657 + 1.9 

101.24 49.6 7-759 ¢ Te + 1.5 

101.63 100.7 8.328 ¢ 8.170 + 1.8 

104.11 101.0 8.294 a 8.197 ‘iz 

200.55 1 8.394 4 #.410 0.2 

202.29 1 g. a 8.430 - 0.3 

199.80 1 8.374 ¢ 8.402 - 0.3 

202.49 24.9 8.213 a 8.588 + 2.6 

200.25 49.6 8.796 ¢ 8.729 +08 

202.61 91.9 9.344 9.070 + 2.7 

202.25 100.7 9.219 ¢ 9.116 +i33 

202.69 146.9 9.772 a 9.547 + 2.4 

308.56 1 9.210 b 9.560 - 3.8 

301.20 1 9.183 4 90485 - 3.3 

307.18 1 9.419 db 9.545 - 1.3 

297.85 9.199 ¢ 9.428 2.5 

310.08 45.5 9.641 d 9.815 - 1.9 

49.6 9.61 ¢ 9.697 - 0.9 

310.12 93.7 9.932 b 10.100 © 2.7 

307.17 93-7 9.906 b 10.073 - 1.7 

297.85 100.7 9.938 ¢ 10.011 = 0.7 

309.80 142.6 10.598 10.423 

348 88 1 9.753 ¢ 9.960 - 2.1 

392-76 1 9.801 4 9.985 = 1.9 

349.13 49.6 10.010 ¢ 10.208 - 2.0 

347.11 100.7 10.268 ¢ 10.475 = 2.0 

4O1.13 ry 10.455 4 10.459 0.0 

i 
Brass Cell 

1 5.74 - 1.7 
6.13 ell + 0.1 
re) 6.52 6.44 + 1.4 
76.7 6.95 6.83 + 1.8 
fe) 101.4 7.14 7233 = 2.7 
126.3 7.82 7-68 + 1.8 

a signifies measurements in Steam Cell No. 1 7 

ba No. 1, Revision 1 

c " Wo. 1, Revision 2 4 

a * Strain-Free Cell. ad 


© Computed from Equation (10). 


NitroGen Heat-Conpbvctivity Data 


The data for 1 atm pressure in the case of gaseous nitrogen were 
taken in the silver strain-free cell, as were those for air, and used to 
determine the cell constant of the steam cell. Heat-conductivity 
values for nitrogen under pressure have not been completed but it 
is expected that a complete series of measurements will be made to 
at least 450 C. The data available are collected in Table 4 in 
which the computed values appear using the following equations 


10° = 105A. + 2.5 (109-5277 — 1)... [10] 
0.4508 T 


1 = 
= 84.077/10"" 


\\ 
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HEAT-CONDUCTIVITY 
NITROGEN WITH NEW VALUES 


VALUES 


(V) Refers to Vargaftig (1) 


(K.S.) 10 °S(p - 1) 


> + 65.8761 * 


the present investigation. 


Deviation =» A(¥) A(calc) (x.S.) 


A (calc) (E.s.) 


accuracy to 100 atm 


°c 10° a (v) 10° (K.s.) Deviation 
0.968 6.444 6.455 + 0.155 
€2.1 0.968 6.806 6.741 - 0.964 
41. 2.904 + 6.472 6.498 + 0.400 
63 2.904 6.833 6.775 - 0.856 
6.775 6.500 6.544 + 0.672 
é1 6.775 6.861 6.797 = 0.972 
eS 14.518 6.611 6.629 + 0.272 
60 6.944 6.820 = 0.930 
Lo 19.357 6.667 6.686 + 0.284 
59 19.357 6.944 6.916 = 0.405 
40.4 30.972 6.853 6.820 = 0.190 
58.1 30.972 6.9 7.034 + 1.279 
40.0 Meuse 6.972 7.004 + 0.457 
56.7 46.458 7-278 72195 = 1.154 
39.5 7-139 72197 + 0.806 
55.2 62.921 7.417 7.368 = 0.665 
3-9 87.108 7-556 7.486 = 0.935 
53. 87.108 7.778 7.630 - 1.9 


Tepresenting nitrogen thermal conductivity walues of 


The f(r7,p) of Equation [6] can also be assumed to bé linear or of 
the following form which represents the data with tolerable 


TABLE6 NEW NITROGEN et ALUES COMPARED WITH{JOLDER 
IATA 


t, deg C Ao(obs) Ao(cale eq [10]) (eq [12]) 

— 200 se 2.1602 2.198 
0 5.816 5. 5.825 

25 6.219 6.192 6.170 - 
100 7.224 7.201 7.168 
200 : 8.382 8.398 8.338 
300 . 9.178 9.468 9.384 
350 9.786 9.966 : 9.870 
400 10.457 10.443 10.310 


® Extrapolated from 0 deg C by means of Equation [10]. Equation [12] 
is based upon all the older published observational data in the —200 C region 
and those extending to 400 C. 


105A = 10°, + 3.87(p —1).......... 
0.4348 
105A; = \ = 
1 + 65.887/10!*" 


Fig. 4 represents the new nitrogen data using the variable \/ Xo in 
relation to the linear isotherm for A/A» taken from Equation | 11 }. 

A comparison of the nitrogen heat-conductivity data of Var- 
gaftig (1) in the range 40 to 63 C and to pressure of 87 atm with 
the new data (Equation [11]) is given in Table 5. 

Table 6 gives a comparison of the 105A» values for Ny with 
the new observations for 1 atm reduced to zero pressure and 
round temperatures from the data of Table 4. In the fourth 
column the values obtained from a correlation of all the published 
data for nitrogen to 1947, are listed as computed from the follow- 
ing equation 


0.442 VT 
= - - =. 
1 + 76.927/10!27 


No theoretical explanation of the pronounced difference be- 
tween f(r,p) for steam, c(e*7*? — 1), as compared with nitrogen, — 
c(e97? — 1), is offered. The status of the theory of the pressure 
effect has been greatly affected by the absence of factual informa- 
tion on substances until recently. However, Enskog (8) has de- 
duced a first-order form on the basis of a van der Waal’s molecular 
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model; a relationship which has been tested recently by E. W. 
Comings and M. F. Nathan (9). 
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Schleiermacher, 


Discussion 


_Invine Graner"? ano R. M. The authors are to be 
congratulated for having completed successfully an accurate and 
extremely difficult experimental determination of the heat con- 
ductivity of steam. The need for an accurate determination of 
this property recently has been emphasized by the practical 
realization of units generating steam at 1000 F and 1350 psia."* 
The data presented in the paper will aid the designer in better 
predicting the performance of such units and the researcher in 
correlating his data on a sounder basis. 

Some time ago the writers had occasion to use the data of 
Timroth and Vargaftig as correlated and reported by Professor 
Keyes in the later printings of the “Steam Tables.” At that time 
it Was noted that the values of \o (actually \, fora pressure of Lkg 
per cm?) listed in the Steam Tables exhibited a peculiar reverse 
curvature. These values were recomputed using the original 
correlation equation of Professor Keves (Equation [8] of the 
present paper), and it was found that all of the 800 deg F values 
were incorrect as well as the values for saturated vapor at 32 F, 
500 psia, and 1750 psia. The writers then differentiated this 
function twice and determined that a point of inflection does 
exist in the original Keyes equation. In Fig. 5 of this diseussion 
is shown the original data of the Russian investigators and also a 
plot of the Keyes values as given in the “Steam Tables” for a 
pressure of 1 kg perem?. It will be noted that the error gives rise 
toa deviation from the original data of 11 percent. The inflection 

'* Engineer, Research Department, Foster Wheeler Corporation, 
New York, N.Y. Jun. ASME. 

‘3 Engineer, Research Department, Foster Wheeler Corporation, 
New York, N. Y. 

“One Thousand Degrees F.... . A New High in Steam Tempera- 
ture,”’ by Philip Sporn, Electrical World, vol. 126, Aug, 17, 1946, pp. 
60-67. Reprinted as Bulletin B-46-20, Foster Wheeler Corporation, 
New York, N. Y.. 
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gives rise to no substantial deviation from the original Russian 
data, 

In the present paper, Equation [7] is used to correlate the 
The 
writers felt that in view of certain similarities in Equations [7] and 
[8], and the discrepancies just noted, similar points might be 
exhibited by the present correlation. 


values of heat conductivity of steam at zero pressure. 


In order to test for such 
condition, two devices were used. The values of \9 were calculated 
over a wide range of temperature using Equation [7], and a large- 
scale plot of these values was then made. This showed, in the 
range for which the plot was made, that while the reverse curva- 
ture was of such an order as to cause a negligible defection in the 
correlation, two points of inflection seemed to exist—at about 
200 F and at 1100 F. Since, to the writers’ knowledge, the only 
other gas which exhibits such a reversal of curvature to any 
marked extent is hydrogen,'® it was felt that a further investiga- 
tion of this point was justified. By a similar mathematical 
analysis it was determined tentatively that a point of inflection 
exists in this function between 1000 F and 1200 F. While it is 
puzzling to the writers to find such a phenomenon in an equation 
used to represent Ay which ‘ 
larly with temperature. . 
a negligible order. 


... increases indefinitely and regu- 
. it is noted that this phenomenon is of 


In order to substantiate the present correlation some particular 
values of pressure and temperature were chosen, and the heat- 
conductivity values were calculated on the basis of the authors’ 
correlation. For the values of temperature and pressure chosen, 
exact agreement was found with the corresponding values of heat 
conductivity listed in Table 2 of the paper. 

It is understood that in the near future the values of heat con- 
ductivity of steam,as determined and correlated in this paper, will 
be incorporated in a new printing of the Steam Tables. To 
facilitate the use of this information in the interim, the writers 
have prepared Table 7 and Fig. 6 of this discussion. All values in 
Table 7 were determined by utilizing Equation {7} of the paper, 


18 “An Investigation of Aircraft Heaters; II Properties of Gases,”” by 
M. Tribus and L. M. K. Boelter, NACA, October, 1942. 
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TABLE 7 HEAT CONDUCTIVITY x 10? (Btu ft-? deg ft) 
— ———\—— Temperature, deg 
Sat. 
" . vapor 32 200 400 600 800 1000 1200 
Sat. 
9.16 13.5 23.3 38.5, 
psia 
0. : 9.16 13.3 18.4 23.8 29.2 34.7 40.1 
250 24.7 29.7 34.9 40.3 
500 25 26.0 30.2 35.2 40.4 
1000 30.1 31.4 35.7 10.7 
1500 37.6 33.2 36.4 41.1 
1750 se 34.3 36.8 41.3 
2000 35.5 37.2 41.5 


and the f (p, 7) as given by the authors. These values were deter- 
mined to four significant places, but only three significant places 
are given in Table 7, since the writers feel that with the present 
data more than three places would not be warranted. 

A word of caution must be noted at this time. When new 
accurate determinations of thermodynamic properties are made 
available, there is a tendency to use them in conjunction with the 
general heat-transfer relationships and equations made prior to 
the existence of the new data. For example, in the design of 
superheaters, the maximum tube temperature is a limiting factor. 
Using the present data for the heat conductivity of steam in the 
Poensgen"® correlation will indicate a temperature differential be- 
tween the tube and the steam 30 per cent higher than that ob- 
tained using the data of Timroth and Vargaftig with the same heat- 
flux density. This would indicate erroneously a maximum 
heat-flux density, lower than that which could be used. There- 
fore the user of such equations should, where possible, determine 
the sources of the physical properties used by the correlator or in- 
vestigator, as the case may be, and use the same sources in order to 
obtain reasonably ‘accurate and correct predictions. If it 
warranted, the user should recorrelate previous data using the new 


is 
physical properties. 


Serce Gratcu.'? These new data are certainly very accurate 
and reliable, and should supersede the older, apparently incorrect 
data by Timroth and Vargaftig. 

The main value of the paper lies in the presentation of a greatly 
improved technique for the measurement of heat conductivity of 


1¢**Heat Transmission,” by W. H. McAdams, second edition, 
McGraw-Hill Book Company, Inc., New York, N. Y., 1942, p. 172. 
17 University of Pennsylvania, Philadelphia, Pa. Jun. ASME. 
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gases. In this connection engineers and scientists owe a great 
debt of gratitude to the senior author, Dr. F. G. Keyes, who for 
nearly half a century has been the leader in the development of 
new techniques for the accurate determination of properties of 
fluids. For resourcefulness and ingenuity in solving experimental 
problems Dr. Keyes is unequaled in his field, and stands high as 
guide and inspiration to the younger scientists, 


R. L. Scoran.'® The authors state clearly that the interpreta- 
ion of the apparent heat conductivity measured for steam is com- 
plicated by the effect of radiation emitted and absorbed by the 
steam itself; and further, in so far as is known, the adjustment of 
heat-conductivity measurements to allew for radiation emission 
and absorption within the test material has never been made or 
discussed. This is a point of fundamental importance. 

From the authors’ description of their mode of taking and 
treating observational data, it appears that no allowance was 
made for the effect of radiation emitted and absorbed by the 
steam. When (q/ At) for q 0 is obtained by graphical extra- 
polation, Equation [4] of the paper becomes 


— 

which is solved for’. In general, the 
function of the surface temperature, emissivity, and shape, and 
the steam-film thickness and density. The new term H on the 
right-hand side of the foregoing equation has been added here to 
account for the effect of radiation emitted and absorbed within 
the film. The term C is fixed by the dimensions of the test cell, 
and the term G compensates for conduction within the emitter 
supports. The terms C, and H, however, depend in part upon the 
emissivity of the test-cell surface material. The authors used sil- 


q 
At 


) =< + C(7T))+G 
q=0 


‘radiation constant” isa 


.ver and obtained lower values of conductivity than did the Rus- 


sian experimenters who used platinum. This difference in results 
may be due in part to the difference in the emissivity of silver and 
platinum. Since engineering materials ordinarily show a much 
higher emissivity than polished silver, an emissivity correction 
would appear to be in order for applying heat-conductivity data 
measured by silver surfaces. This question must be clarified be- 


18 University of Missouri, Columbia, Mo. Mem. ASME. 


= 
q 
4 
| 
b 
3 
i 
| 
| 


oe. 
; KEYES, SANDELL—NEW MEASUREMENTS OF HEAT CONDUCTIVITY OF STEAM, NITROGEN 777 
- 
ecofutHe = | | THERMAL CONDUCTIVITY OF STEAM 
2 
a 2 
-2 game 
acracee 
- 2 — 
FARBER-KIMBRELL FARBER KIMBRELL 
x T | X vs. T 
vv 
| 
a Rapiation_Errect 
NN 1000/ | 
-1.00 
5 
{ 
Fic. 7 Tuermat Conpvuctivity or STEAM Versus 10372 /1(1.59 X 10872 


. fore much confidence can be attached to any interpretation of 
heat-conductivity measurements for materials which absorb and 
emit radiation. It appears that with multiple observations at 
different emissivities, the heat conductivity with zero surface 
emission or absorption could be obtained by graphical extrapola- 
tion. The required emissivity correction could then be es- 
tablished. 

Radiation becomes increasingly important at temperatures 
above 500 C, which is the limiting value of the authors’ present 
paper. Our students have obtained rough values of the heat con- 
ductivity of steam at somewhat higher temperatures and at a 
pressure of 1 atm. For example, in the data of Farber" for his 
April 25 tests, the last three runs were made with fully de- 
veloped stable film boiling. From the optical measurements of 
J.T. Kimbrell,® the film was found to be 0.015 in. thick, as com- 
pared with the value of 0.025 in. in the authors’ apparatus. Con- 
vection within this thin film was neglected. The radiation flux 
was estimated by the Stefan-Boltzmann equation, the tempers- 
tures being that of the wire surface and the saturation temp- 
erature of water; the emissivities, 0.95 for the wire and 0.963 for 
water. The remaining heat flux was considered as steady con- 

duction, and the mean heat conductivity of the steam film was 

computed with the Fourier equation. No radiation correction of 
the type H was applied. The results are given in Table 8 of this 
discussion. Since the available data on the heat conductivity of 


TABLE 8 


t, deg I km, Btu Fo! ft 
1632 0.0465 
2042 0.0492 
2492 0.0640 


steam is nearly linear at low pressures (the present paper in- 
cluded), the foilowing linear relation passing through the saturated- 


“Heat Transfer to Water Boiling Under Pressure,” by F. A. 
Farber and R. L. Scorah, Trans. ASME, vol. 70, 1948, pp. 369-384. 
20 Graduate Student, University of Missouri, Columbia, Mo 


vapor line at 1 atm was considered to represent the Farber- 
Kimbrell] experiments 
k = 0.014 + 0.000043 (1-212) [13] 


At 500 C (932 F), this expression gives a value for the heat con- 
ductivity about 37 per cent greater than the zero-pressure value 
reported by the authors. Farber’s experiments were never in- 
tended to measure the heat conductivity of steam, and while no 
high order of precision can be assigned to the numerical values. 
these data were obtained from steam films subjected to an intense 
radiation flux from a high-emissivity emitter. These data suggest 
an emissivity correction of considerable magnitude, 

The correlation and extrapolation of steam-conductivity data is 
complivated when radiation phenomena are considered. As the 
temperature increases, the magnitude of the radiation flux in- 
creases very rapidly. Curve A in Fig. 7 herewith, is similar to the 
authors’ C, term and is shown here only as a first approximation 
of the whole radiation effect. At high temperatures, the authors’ 
data for an emissivity of about 0.02 departs from their straight 
line, as shown by Curve B. The departure begins at about 400 C, 
Since the radiation flux is increased approximately 50 per cent in 
the next 100 deg, the upward trend of Curve B may be due in part 
to this radiation increase. The fact that the trend of the authors’ 
data is upward may be of special interest. 

Curve C represents our student data. The instantaneous heat 
conductivity was computed for the test temperatures of the 
emitter by means of Equation [13] of this discussion. Considering 
the emissivity of about 0.95, these results do not appear to be 
completely inconsistent with those of the paper. The comparison 
of Curve B with Curve C suggests the possible range of the emis- 
sivity effect. Curve D represents the student data when using 
the mean heat conductivity calculated from Equation [13], and 
the arithmetic-mean film temperature. This plot enters the high- 
temperature region of the Russian data. Since at this writing we 
do not have the Russian papers, it is not clear what significance if 
any should be attached to this coincidence. 
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AvcTHORs’ CLoscRE 


The authors appreciate the careful discussion of the paper by 
Mr. Granet and Mr. Gould, who are correct in stating that the 


tions given in the text, section 7, page 23. The lambda-zero 
pressure value should be 34.42 instead of 30.55, and the pres- 
sure increments are correct. The new value is 29.2 as given in 
Table 7. 

The authors had not been aware of the inflection feature of the 
_ correlating equation until it was brought to their attention by the 
commentators at the time of the meeting. The effect is small, 
however, us stated, and it does not invalidate the use of the corre- 
lative form which is in substantial accord with the kinetie-gas 
theory based on a van der Waals’ molecular field. 


qualification to this statement, however, due to the presence of 
the exponential term in Equation [7], a term which was found to 
be necessary if a long range of temperature is to be represented. 
Actually the Sutherland type formula is given in the classical 
kinetic-gas theory for the viscosity, and not for the heat conduc- 
tivity,*! the latter coming out of the theory in the form: lambda 
proportional to the viscosity times the specific heat at constant 
volume. 

~The classical kinetic-gas theory gives no accounting of the tem- 
perature dependence of the specific heat, and since the specific 
heat for all except monatomic gases is a function of the tempera- 
ture, it would be expected that the heat conductivity would in- 
volve a stronger temperature dependence as compared with the 
viscosity alone. The authors regard Equation [7] as a semi- 
empirical equation which appears to be of value in representing 
the observations on heat conductivity over considerable ranges 
of temperature. Reference should be made in this connection to 
the paper by J. O. Hirschfelder, R. B. Bird, and E. L. Spotz, a 


*1 “Mathematical Theory of Non-Uniform Gases,”’ by 8. Chapman 
and T. G. Cowling, The Maemillan Company, Cambridge, Mass., 
1939, p. 184. 
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800 F values in the Steam Tables are not in accord with the equa- 
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report on the transport properties of gases and gas mixtures.%? 

Substitute tables 6 and 7, of the Steam Tables have already 
been sent to the printers, and the-commentators’ Table 7 is in 
exact agreement with the authors’ table. 

Professor Scorah’s values given in Table 8 can be represented 
by a linear equation. It is important to observe, relative to 
‘Professor Scorah’s representation of the Table 8 values. that a 
linear equation is not suitable for long ranges of temperature. 
The Equation [7] is of the Sutherland type modified on the basis 
of a critical consideration of all the available heat conductivity 
data for the gases: air, helium, hydrogen, oxygen, nitrogen, CO, 
as well as H,0.% 

The difference in the emissivity of the wire used by Professor 
Scorah’s collaborators and that of silver used in the steam-heat 
conductivity work is very large, and there is insufficient data on 
the absorption spectrum and emissivity of steam to make the re- 
quired correction of the apparent conductivity when the emis- 
sivity from the wire is as large as 0.95. Indeed under present cir- 
cumstances the best that can be done is to use materials in the 
measurements that have as low an emissivity as possible, and 
silver appears to be better than any other metal. 

As remarked in the text, the trend of the Russian data as given 
in Fig. 7 leads to an extrapolation impasse, namely, it tends pro- 
gressively to very large values with increasing temperatures 
This could be due in part to the high emissivity of the platinum 
wire which under operating conditions has been shown by Tim- 
roth and Vargaftig to be the order of 0.11: a figure in substantial 
agreement with Milverton’s results for the platinum wire of his 
apparatus. 

The authors thank the commentators for their encouraging and 
helpful comments. 


"Viscosity and Other Physical Properties of Gases and Gas Mix- 
tures,” by J. O. Hirschfelder, R. B. Bird, and E. L. Spotz, Trans. 
ASME. vol. 71, 1949, p. 921 . 

** Final Report, Office of Naval Research, Task Order XI, M.1.T 
Contract N5ori-78, Project Designation No. NR-059-037, October 1. 
1949 
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~ Compilation of Thermal Properties of 


~Wind-Tunnel and Jet-Engine Gases at 


the National Bureau of Standards 


By HAROLD J. HOGE,! 


A project for the preparation of a series of tables of 
thermal properties of gases is described. This project 
was undertaken by the National Bureau of Standards at 
the suggestion and with the co-operation of the National 
Advisory Committee for Aeronautics. The scope of the 
project, tables now available, work in progress, and plans 
for the future are described. The lack of adequate data 
at high temperatures and also at high pressures is pointed 
out. 


INTRODUCTION 
q ESEARCH involving wind tunnels, jet engines, and mis- 
iles requires good thermal data on the gases which flow 
through the tunnels or jets, or which the missile encounters 
in its flight. The following are typical examples of the problems 
encountered: 


1 Compressed gas in a tank at a known temperature and 
pressure expands to a low pressure as it passes through a wind 
tunnel. How do the temperature and velocity change along the 
tunnel? If water is present, at what temperature will it be pre- 
cipitated, and will ice or liquid water be formed? Will the major 
constituents of the gas condense? Will cgondensation shock 
interfere with the measurements? ; 

2 A missile flies through the earth’s atmosphere, compressing 
and heating a layer of air in front of it. How much heat will be 
conducted to the missile and how hot will it get? How much 
deceleration will it experience? 

3 Fuel is burned in a jet engine. What is the composition 
of the products of combustion? How does the efficiency of the 
engine depend on the operating temperature? Will the walls 
of the engine get too hot? 


These questions and many others cannot be answered unless 
reasonably accurate thermal data are available. 

Thermal data for the region near room temperature are availa- 
ble, although they are not always easy to locate or in convenient 
form for use. But as the interval from room temperature in- 
creases the data become more scarce, to the extent that above 
900 or 1000 deg K data are practically nonexistent. A similar 
situation exists with regard to pressure. Near a pressure of 1 
atm the data are fairly plentiful, but at high and low pressures 
they are searce. This is especially true of the nonequilibrium 
properties such as viscosity and thermal conductivity. 

\ project for the compilation of tables of thermal data on 


1 Member, Thermodynamics Section, National Bureau of Stand- 
ards. 

Contributed by the Research Committee on Properties of Gases 
-and Gas Mixtures and the Heat Transfer and Applied Mechanics 
Divisions, and presented at the Annual Meeting, New York, N. Y., 
November 27—December 2, 1949, of THe AMERICAN Society oF 
MecHanicat ENGINEERS 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 

of the Society. Paper No. 49—A-86. 3 


WASHINGTON, D. C. 


wind-tunnel and jet-engine gases has been established at the 
National Bureau of Standards with the co-operation of the Na- 
tional Advisory Committee for Aeronautics. This project was 
initiated by Dr. F. G. Brickwedde, chief, Heat and Power 
Division, who prepared a plan for the tables. This plan was sent 
to a large number of laboratories and individuals for comments 
and suggestions. After these had been received and considered, 
the program described in this paper was evolved. Several indi- 
viduals have contributed to this program during the past vear, 
and 16 tables have been published. OO 
THe Prosecr 
The program as it exists at present calls for the critical evalua- 
tion of available data, and the preparation of conveniently usable 
tables of thermal properties of the following gases: 


Dry air Carbon dioxide 

Moist air Carbon monoxide 

Steam Nitrogen dioxide (NO-) 

Hydrogen Nitric oxide (NO) 

Oxygen Helium 

Nitrogen Freon 12 
Argon 


The following properties are to be tabulated, in general, as 
functions of both temperature and pressure: ; 


Heat capacity (C,) 
Enthalpy (total heat) 
Entropy 

Gibbs free energy 
Compressibility factor 
Density 

Ratio of specific heats 


Velocity of sound 
Relaxation parameters 
Viscosity 

Thermal conductivity 
Prandtl number 
Vapor pressure 


Additions both to the list of gases and to the list of properties 
are anticipated as the project continues. For example, it is 
already evident that atoms and molecules formed by dissociation 
of certain gases in the list will have to be considered. The tem- 
perature and pressure ranges to be covered are almost always 
limited by the available data. At pressures below 1 or 2 atm, 
.data are needed from the condensation temperature (vapor- 
pressure curve) to 3000 deg K. Throughout part of this tem- 
perature range, from room temperature to about 700 deg K, 
low-pressure data are not enough, and the aim is, where practical, 
to extend the tables to a pressure of 100 atm. 

A few of the properties in the tabulation call for explanations 
orcomment. Gibbs free energies are needed when equilibria are 
to be computed between products of combustion. Compressi- 
bility factor is the dimensionless quantity Z = pV /nkRT, which 
equals unity for an ideal gas. The ratio of specific heats is of 
course C,,/C,, the specific heat at constant pressure divided by 
the specific heat at constant volume. Relaxation is the process 
of distribution of energy among the various degrees of freedom of 
the molecule. When a gas is suddenly heated or cooled, the 
vibrational degrees of freedom do not gain or lose energy as fast 
as the translational or rotational degrees of freedom. This effect 
has often been neglected, but it can become quite important in 
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aerodynamic processes. The relaxation parameters to be tabu- 
lated are the relaxation time, the relaxation distance, and the 
specific heat (vibrational) associated with the relaxation. The 
Prandtl number nC,/k is the product of the viscosity and the 
specific’ heat at constant pressure divided by the thermal con- 
ductivity. It is particularly useful in heat-transfer problems at 
the surfaces of missiles. 

In the preparation of the tables, emphasis is placed on con- 
venience in use, and upon the inclusion of a brief summary of the 
more important questions involved in the critical evaluation. 
Suitably qualified estimates of the accuracy of the tables are 
given, even though these are sometimes very rough and approxi- 
mate. In the present stages of the program we have thought it 
Wise not to place extreme emphasis on accuracy, but simply to 
select the best data available and tell how good we think they are. 
When this has been done, so that the tables give. a fairly good 
coverage of the selected field, we hope to begin to issue replaces 
ments for the less reliable tables. In most cases this will require 
new experimental work, or computations of an original nature. 
Some of this original work we expect to undertake ourselves, but 
for much of it we will have to depend on others. One of the 
minor functions of the project will be to show where there is 
greatest need for new experimental work. 

In order to make the tables equally convenient regardless of 
the units to be employed, they are, wherever practical, expressed 
in dimensionless form. Then, on the same page with a given 
table, clearly labeled conversion factors are given which permit 
a quantity obtained from the table to be expressed in any units 
likely to be desired. This applies to the entries in the tables 
rather than to the argument or arguments (independent variables 
of the tables. For example, a table giving the thermal conduce 
tivity of a gas at specified values of temperature and pressure will 
have as entries values of i: ko where ko is the thermal conductivity 
The 
T and p, however, will normally be dimensional (7° 
both in deg K and deg R, and pin atm, psia, or mm Hg). These 
have been left in dimensional form because it was felt that the 


at some standard condition, such as 0 deg C’and 1 atm. 
arguments 


use of too many dimensionless quantities might cause confusion 

The ease with which interpolations may be made is one of the 
Seldom 
But linear inter- 
polation is relatively simple and rapid as compared with higher- 


‘most important factors in the practical use of a table. 
Is It possible to avoid interpolation altogether. 


order interpolation, even when tables of interpolation coefficients? 
Our goal has been to subtabulate to the point where 
interpolation can be used everywhere. 


are at hand. 
linear Unfortunately, 
this has not always been practical, because in some cases it would 
have led to very large tables. In these cases care has been taken 
to indicate clearly where linear interpolation is not adequate. 
One of the published tables is shown in Fig. 1. This table, 


No. 2.10, gives specific heat, enthalpy, and entropy of dry air as * 


calculated from Spectroscopic data (ideal gas state)! The full- 
sized table consists of four 8 101 /-in. pages printed by a photo- 
offset process. The original tables of the data proper were printed 
by International Business Machine typewriters actuated directly 
by punch cards, with rules and headings put in by hand. This 
procedure has been used whenever the data were already availa- 


oF ble on punch cards as a result of subtabulation or other opera- 


tions performed on IBM equipment. It may be mentioned in 
passing that where IBM equipment has been used the tables can 
be furnished on punch cards. 

The brief text accompanying a table contains a description of 
_ the table and how to use it, and an evaluation of the data upon 
_ Which the table is based. In some cases a graph can be included 


“Tables of Lagrangian Interpolation Coefficients,” prepared by 
-Mathematical Tables Project, WPA, Columbia University Press, 
New York, N. Y., 1944. 
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which shows the agreement between the table and the principal 
experimental data. Such a graph can quickly give the user of a 
table an idea of its accuracy that he could otherwise get only from 
hours of study of the original papers. 


Work AccomptisHep AND IN ProGress 


The tables now available for distribution are listed as follows 
(as of September, 1949): 
2.10 Dry Air (Ideal Gas State), Specific Heat, Enthalpy, Entropy 
2.42 Dry Air, Thermal Conductivity 
5.42 Steam, Thermal Conductivity 


7.10 Molecular Hydrogen (Ideal Gas State) Specific Heat, En- 
thalpy, Entropy 

7.42. Molecular Hydrogen, Thermal Conductivity 

9.10 Molecular ¢ Ixyvgen (Ideal Gas State), Specific Heat, Enthalpy, 
Entropy 

9.42 Molecular Oxygen, Thermal Conductivity 

9.50 Vapor Pressure of Oxygen 

11.10 Molecular Nitrogen (Ideal Gas State), Specific Heat, En- 
thalpy, Entropy 

11.42 Molecular Nitrogen, Thermal Conductivity 

13.42° Carbon Dioxide, Thermal Conductivity 

14.42 Carbon Monoxide, Thermal Conductivity 

15.42 Nitrogen Dioxide, Thermal Conductivity 


16.42 Nitric Oxide, Thermal Conductivity 
Freon 12, Thermal Conductivity 
Argon, Thermal Conductivity 


So far it has been possible to keep each publication to a length 
of 4 pages or less, Undoubtedly, some will have to be longer, but 
it is planned to keep them as compact as is consistent with good 
legibility. A numbering scheme for the tables has been adopted 
which identifies both the substance and the properties treatéd in a 
table. For example, in table 9.50, the 9 shows that the substance 
is oxygen and the 50 shows that the property tabulated is vapor 
pressure, 

Of the tables now issued, a large fraction gives ideal gas prop- 
erties. These are computed from spectroscopic data. They 
furnish limiting values which should be approached by the real 
gas at low pressures, and they are virtually the only type of data 
available ia the higher temperature ranges. ‘ 

A large number of calculations of ideal gas properties have 
been published in the last 10 or 15 years. Many of these have 
become obsolete because of the subsequent publication of better 
molecular data. The process of selection of an ideal gas table 
is begun by checking the more recent tables at various tempera- 
tures. The table which appears to be most accurate is more 
carefully checked, sometimes by spot calculations starting from 
the molecular constants themselves. When the most adequate 
basic calculation of ideal 84s properties has been accepted, it is. 
generally necessary to subtabulate it. It is also converted to 
that the final table will be 
consistent with the latest values of the fundamental constants. . 
Most of the tables of ideal gS properties published by the project 


dimensionless units in such a way 


_ to date have been prepared under the supervision of Harold Ww 


Woolley. 

In the field of real gas properties a considerable amount of effort 
has been put on the properties of dry and moist air. Curtiss 
and Hirschfelder?,* have published two sets of tables that have 
served as the basis of this work. These have been retabulated 
with pressure rather than density as an independent variable, and 
some new intermediate values have been computed. Subtabula- 
tion has been performed: the tables have been made dimension- 
less and modified in some other respects. This work has been 


? “Thermodynamic Properties of Air,” by C. F. Curtiss and J. O. 
Hirschfelder, University of Wisconsin Naval Research Laboratory 
Report CM-472, June 1, 1948. 

* “Thermodynamic Properties of Air—II,” by J. O. Hirschfelder 
and C. F. Curtiss, University of Wisconsin Naval Research Labora- 
tory Report CM-518, December 21, 1948, 
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@ HOGE—COMPILATION OF THERMAL PROPERTIES OF WIND-TUNNEL AND JET-ENGINE GAS 


U. S. DEPARTMENT OF COMMERCE 
Charles Sewyer, Secretary 


THE NBS-NACA TABLES OF 
THERMAL PROPERTIES OF GASES 


Table 2.10 Dry Air (Ideal Gas State) 
Pretminary 2 Joly 1908 


Specific Heat, Enthalpy, Entropy 
CSIR, (H°- E2)/RT,, S°/R 


compiled by Harold W Woolley 


‘4 FOREWORD 

This is one of a series of tables of Thermal Properties of Gases being compiled at 
the National Bureau of Standards at the suggestion and with the cooperation of the 
National Advisory Committee for Aeronautics. Recent advances in methods of propul- 
sion and the high speeds attained thereby have emphasized the importance of accurate 
data on thermal! properties of wind-tunnel and jet-engine gases. It is the purpose of the 
project on Thermal Properties of Gases to make a critical compilation of existing pub- 
lished and unpublished data, and to present such data in convenient form for application 
The loose-leaf form has been chosen as being most convenient, and revisions are antici- 
pated as new data become available. 


The dimensionless character of the tables and their general format should facilitate 
calculations in aerodynamics, heat-transfer, and jet-engine problems. Suggestions for the 
extension or improvement of these tables are desired as well as information regarding 
unpublished data. Information and other correspondence regarding these tables should 
be addressed to Joseph Hilsenrath, Heat and Power Division, National Bureau of Stand- 
ards. This table is also available on IBM punched cards. 
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CONVERSION FACTORS 


To Convers. Te Having the Diese Ind icoted Below | 

Ef) col sole" | $42,821 

cel g 18.7399 
jovles | 78.4079 
Bre (ib | 976.937 

Pru ie? | 33.7098 
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THE PROPERTIES TABULATED 
The thermodynamic properties of dry air in the ideal gas stcte 
(without dissociation) cre given in dimensionless fors in thie takle. 
The properties listed are CO/R. (H® + ES)/RT., and S°/R, tabulated 
ae functions of temperature in degrees K. and degrees R. The values 
were obtained from the thermodynamic properties of the constituents 
of dry air, which was considered to be 78.0881% N, [1]. 20.9495% 9, (2). 
0.9324% A [3}) and 0.03004 Co, (4). This composition for dry air has been 
used in previous computations of properties of air [5]. and corresponds 
te an overage solecular weight of 28.966. 


RELIABILITY OF THE TABLE 

The uncertainties in the properties of dry air in the undis- 
Sociated idecl gas state are considered to be roughly as grect aes for 
the ideal gas properties of wolecular nitrogen, its principal con- 
stituent (1). This implies that CS/R and S°/R are probably accurate to the next to the 
the last place tabulated up te about 2000°K and sight be uncertain by a 
little gore than a unit inthe next to the last place at 3000K. (H® - Ef) /RT,, 
acy be uncertain by 0.004 ct 2000°K and 0.006 et 3000°K. 


INTERPOLATION 


The validity of linear interpolation varies throughout this table 
depending upon the nusber of figures desired. The error produced by 
lineor interpolation does not exceed one-eighth of the second difference. 
Where wore precise values cre desired, a four-point Legrangian inter- 
polation aay be used (6). 


CONVERSION FACTORS 

The functions in this table have been expressed in dimensionless 
fors in order thet they may be converted readily to any systes of 
unite. Conversion factors are listed for the most often used unite. 
For values of R and RT, not listed here see Table 1.30 of thie series 
The symbol R denotes the gas constant and T, is 273.16° Kelvin. the cal- 
ie used in the conversion factors is the thersocherical calorie end un- 
less otherwise specified the sole is the gram - sole. 


REFEREMCES 

(1) Therese! Properties of Gases, Table 11.10, National Bureau of Standards. 
[2) Therecl Properties of Geses, Table 9.10, Nationc] Bureau of Standerde. 
(3] S. Gratch end S. ¥. Van Voorhis, Report of the University of Pennsy- 
lvanic Thersodynawics Research Laboratory to the Novy Deporteent, 
Bureau of Ships. for the period July 1, 1945 to April 30, 1946. 

[4] Tables of Selected Values of Chesical Thermodynamic Properties, 
Nationc] Bureay of Standards. 

C. F. Curtise and J. 0. Hirschfelder, Thersodynawic Properties of 
Air (University of Wisconsin, June 1948) CM-472. 

[6] Tables of Lagrangian Interpolation Coefficients (Columbia Univerpity 
Press, New York, N. Y., 1944). 
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under the supervision of William S. Benedict. The available 
data on thermal conductivities of gases have been evaluated 
and tabulated by Ralph L. Nuttall, and some viscosity data 
have been furnished by Francis C. Morey. 

Several experimental investigations for the determination of 
thermal data are in progress in the Heat and Power Division of 
the NBS. Among these are measurements of the heat capacities 
C,, of carbon dioxide, water vapor, and freon 12 by Joseph F. 
Masi; measurements of thermal conductivities at high pressures 
and temperatures, by Ralph L. Nuttall; and measurements of 
vapor pressures by the author. Some of these investigations 
were undertaken simultaneously with the project for the compila- 
tion of data, to fill in gaps where data were urgently needed. 

As a preliminary step in the compilation of the tables a card 
file of over 1000 references was prepared, primarily by a search of 
Chemical Abstracts back to 1926, but also by consulting survey 
articles and reports such as the group of papers on gas properties 
published by this Society.6 This file of references is gradually be- 
ing processed as the tables are prepared, and in proportion as the 
references are read and evaluated, the file becomes more and 
more valuable. It is planned to maintain this file not only to 
promote the preparation of the tables, but also to aid in answering 
inquiries for thermodynamic data. 
uumber of such inquiries each vear. 


The NBS receives a large 

These are welcomed, for 
it is one of the functions of this Bureau to supply or indicate 
sources of scientific information when these are known to members 
of its staff. Letters of inquiry are very useful to us as an aid in 
planning our future program. 


PLANS FOR THE FUTURE 


In the immediate future we expect to devote a large part of our 
Ideal gas tables 
have been more readily available and our progress with them has 


effort to the tabulation of real gas properties. 


been more rapid, but the properties of the real.gases are necessary 
for accurate calculations. In addition to the tables, we plan to 
prepare charts and diagrams such as Mollier charts and entropy- 
temperature diagrams that will be more convenient than tables 
for problems where graphic accuracy is adequate. When most of 
the data in the field of the project have been tabulated, emphasis 
will be placed on filling in the gaps with new experimental work, 
and on revising tables that are out of date. We know already 
that there will be more gaps than filled places in our outline, and 
we hope that much new experimental work will be undertaken. 
The most urgent needs for new data appear to be in the fields 
of high temperature and high pressure. Measurements are espe- 
cially needed of heat capacities and thermal conductivities. A few 
of these are under way at NBS but much more work is needed. 
In several instances unpublished work or work in process, of 
publication has been brought to our attention, and this has been 
extremely helpful to us. Communications of work in progress 
If sufficient 
information becomes available the project will, if requested, act 


will be welcomed by any member of our group. 


as a Clearing house for information on work in progress in various 
laboratories. Those who have suggestions or comments concern- 
ing ‘the tables, or who wish to obtain copies, should write to 
Joseph Hilsenrath, Thermodynamics Section, NBS, who is in 
charge of the project. 
without charge. 


At present the tables are being issued 


Discussion 


J. A. Gorr.® It is gratifying to note from the paper that 
§ Symposium on Gas Properties, Trans. ASME, vol. 70, 
pp. 621 ff. 
* Dean, Towne 
Philadelphia, Pa. 


1948, 


Scientifie School, 


Mem. ASME 


University of Pennsylvania, 


TRANSACTIONS OF THE ASME 


AUGUST, 1950 
excellent progress is being made at the National Bureau of Stand- 
ards with the preparation of working tables and diagrams of the 
properties of technically important gases. This is an essential 
part of any really comprehensive program of gas-properties re- 
search and as such is of particular interest to the ASME Gas 
Properties Committee. 


Of no Jess interest to the committee are 
the Bureau's offer to act as a clearing house for information on 
work in progress in various laboratories and its plan to maintain a 
These are 
tasks that the committee hardly can hope to do itself in view of 


relatively complete file of gas-properties references. 


the difficulty it has-encountered in obtaining financial support. 
The NBS-NACA Tables of Thermal Properties of Gases project, 
which the author describes, is sure to reveal serious gaps in exist- 
ing knowledge regarding gas properties, and in so doing will 
render a valuable service. 

Although the Bureau claims not to have placed extreme empha- 
sis on accuracy in the present stage of its program, it is obvious 
that it has exercised great care in the selection and appraisal of 
the data it has so far tabulated. At the same time, its selection 
of units in terms of which to express the data seems ill-advised. 
Its claim that convenience in use is gained by selecting R as the 
unit of entropy and RT as that of energy is difficult to allow. I 
is true of course that the probable error of the ratio ¢,°/R, for 
example, is slightly less than that of ¢,° itself, but this has nothing 
to do with convenience. In the opinion of the discusser, tables of 
cp° itself with suitable conversion factors would have been a good 
deal more convenient and only very slightly less accurate than 
tables of c,°/R with suitable conversion factors. 

The writer also wonders why the Bureau proposes to tabulate 
the specific-heat ratio c,/c, since this cannot be substituted for & 
in the familiar expressions pe* = const, and a? = kgpv, for the 
isentropes and the acoustic velocity, respectively, of a perfect gas 
with constant specific heats, to determine the isentropes and 
acoustic velocity of an actual gas with variable specific heats. 
There is considerable confusion on this point which tables of 
c,/¢, would only serve to perpetuate. 

In the auxiliary tables of conversion factors the symbol “eal” is 
understood to designate the thermochemical calorie which has 
recently been redefined as equal to 4.184 absolute joules exactly. 
The Btu referred to in these auxiliary tables is defined in terms of 
this calorie by the conversion factor 0.99934 Btu-g-°C/cal-Ib- 
deg F. It is unfortunate that the simple numeric unity, has 
been lost in the struggle for individuality; perhaps something 
can yet be done to restore it. . 

C. N. Warriecp.? The compilation of thermal properties of 
wind-tunnel and jet-engine gases as described in the paper is a 
valuable contribution in that it présents the results of an exten- 
sive search for existing data and makes available to the engineer 
and scientist in convenient form what appears at the present time 
The NBS staff is to be com 
mended especially for the convenient form in which these data are 
made available, and for the expeditious manner in which the 
results have been released. 


to be the best available values. 


An examination of the 16 tables that are listed in the paper 
gives rise to comments on a number of specific topics as follows: 

Nomenclature. Neither symbols, subscripts, nor superscripts 
are defined in the tables. A convenient reference, or list of sueh 
definitions, would be useful. 

Ideal Gas State. A comparison of Table 2.10 with the tables of 
reference 5 thereto (Curtiss and Hirschfelder, U. Wis. Report, 
APL No. CM-472) reveals that the values listed for specific heat 
and for enthalpy correspond to the ideal zero-pressure state, 


7 Applied Physics Laboratory, The Johns Hopkins University, 


Silver Spring, Md. 


| 
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whereas the values listed for entropy correspond to a pressure of 
latm. A statement of this fact would avoid confusion in regard 
to the use of the entropy values tabulated. 

Although Report No. CM-472 is not listed as a reference for 
Table 11.10, a similar comparison indicates that the Values of 
entropy for molecular nitrogen have been treated as in the case 
of dry air. 

However, in Table 7.10 (for molecular hydrogen), it is eon- 
veniently stated that all values are for the “ideal gas state for a 
pressure of 1 atmosphere.” 

Thermal Conductivities. Table 2.42 lists values of thernial 
conductivity of dry air at various temperatures, but fails to give 
any indication concerning variation with pressure. Presumably 
the values listed are for a pressure of 1 atm, and a statement to 
this effect would be helpful. This comment is also applicable to 
the other tables for thermal conductivity, excepting only Table 
5.42 (for steam) in which thermal conductivities are listed for 11 
pressures (from 1 atm to 300 atm), as well as for various tempera- 
tures, 

It is important to call attention at this time to the fact that 
some of the values listed may not be valid for direct use in those 
applications involving very rapid changes in pressure, tempera- 
ture, ete., such as occur in shock waves and possibly in other 
applications in supersonic aerodynamics. In this connection the 
NBS tables on relaxation phenomena are awaited with considera- 
ble interest. 


AvTHOR’s CLOSURE 


Dean Goff raised a question as to the advisability of the choice 
of dimensionless units. We wish it were possible té find a set of 
units with dimensions acceptable in all fields where our tables will 
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find use. We are sympathetic with Dean Goff’s point of view, but 
his selection of units would not have universal acceptance. Di- 
mensionless variables were chosen because aerodynamic physicists 
and engineers, for whom these tables were undertaken, showed a 
greater preference for them than for any set of dimensional units. 
This may be so because dimensionless variables and properties are 
in general use in aerodynamics. From the NBS-NACA tables 
that are now in dimensionless units, tables in any other units may 
be prepared with little trouble. 

Our conversion factors are so chosen that those who wish to 
work with calories will obtain values in terms of the thermo- 
chemical calorie, while those who prefer Btu’s will obtain the kind 
of Btu that they are accustomed to. We believe that this is the 
way each group wants it. The thermochemical calorie = 4.1840 
abs joules, and the Btu = 1055.040 abs joules. These are inde- 
pendent definitions. In these units, specifie heats in calories per 
gram degree C are nearly, but not exactly, equal to specific heats 
in Btu per pound degree F. If the I.T. ealorie is used, the 
equality becomes exact. Such a relationship has some sad- 
vantage, but will probably not induce the users of either the 
thermochemical calorie or the present Btu to change their 
accustomed units. 

With regard to Dr. Warfield’s suggestion that symbols, sub- 
scripts, and superscripts be defined, it may be of interest that an 
introductory table for the series is being prepared. This table is 
to contain the definitions referred to and also lists of basic con- 
stants and conversion factors. Dr. Warfield’s othe: comments are 
also well taken and we expect to adopt his suggestions in the 
preparation of future tables. 

The careful consideration that the discussers have given to the 
NBS-N ACA tables is much appreciated. 


: 
) 
| 
] 
s 
Fin 
ne 
¥ 
. 
4 
. 
i 
4 
. 
‘ 
. 
, 


unde 
thes 


e 
: 
: 
= 
e 
4: . 
f 
b 
Vv 
th 
8u 
: wi 
pre 
| 
4 : Th 
2 
3 
Sco 
‘ 
Eng 
C 
and 
and 
27-] 
ENG 


Pres ssure-Volume-Temperature Relations hips 


of Gaseous Normal Hydrogen From Its 


Boiling Point to Room Temperature 


By H. 


This paper presents a summary of accurate measure- 
ments on data of state for normal hydrogen gathered over 
a period of years by a group of investigators in The Ohio 
State University Cryogenic Laboratories. Results cover 
a wide range of temperature and pressure. 


INTRODUCTION 


CCURATE measurements of data of state for normal hy- 
drogen have been carried out by a group of investigators, 
2 The Ohio State University 
over a period of years. The purpose of the present paper is to 
present a summary derived from the results obtained over a wide 
range of temperature and pressure. A detailed description of the 
work will be published in a series of papers which will appear 
shortly. A survey of the P-V-T properties of hydrogen made by 
the Bureau of Standards? summarizes existing data which cover 
this range of temperature and pressure. However, this is the 
first work to cover the entire range with a high degree of preci- 
sion and accuracy throughout. 


Cryogenic Laboratories 


APPARATUS 


A drawing of the apparatus in which the gas was compressed 
is shown in Fig. 1. The pipette H is surrounded by a series of 
blocks E, F, and G and enclosed in an evacuated can J to pre- 
vent heat leak. The pipette can be maintained to within a few 
thousandths of a degree of a specified temperature, at all tem- 
peratures, for at least !/, hr. 

Briefly, the operation of the apparatus is as follows: 

Gas is introduced into a pipette which has already been cooled 
to the desired temperature and compressed to the desired pres- 
After thermal equilibrium has been established, the pressure 
is measured on an M.L.T. The pre- 
cision of this gage varies from | part in 10,000 to L part in 100,000 
with increasing pressure. In some of the earlier work at high 
an American instrument-type gage was used with a 


sure. 
type dead-weight gage.* 


pressures, 
1 Director, Cryogenic 
The Ohio State University. 
? Post-Doctorate Research Fellow, Cryogenic 
partment of Chemistry, The Ohio State University. 
*“Compilation of Thermal Properties of Hydrogen and Its Vari- 
ous Isotopic Ortho-Para Modifications,"’ by H. W. Woolley, R. B. 
Scott, and F. G. Brickwedde. 
‘High-Pressure Technique,”’ by F. G. 
Engineering Chemistry, vol. 23, 1931, p. 1375. 
Contributed by the Research Committee on Properties of Gases 
and Gas Mixtures, Heat Transfer and Applied Mechanics Divisions, 
and presented at the Annual Meeting, New York, N. Y., November 


Laboratory, Department of Chemistry, 


De- 


Laboratory, 


Keyes, Industrial and 


27-December 2, 1949, of Tue American Soctery or MECHANICAL 
ENGINEERS. 
Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society. Paper No. 49——A-149. 
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y A High-pressure gas inlet 

B Thermocouple tubes 

C Transfer-tube inlet for coolant 

D Safety T-tube and evacuation line 


io} for dewar in which apparatus is 
immersed 
33" FP ‘ Auxiliary upper and lower blocks 
G) 
H Calibr: ated pipette connected to 
auxiliary block by means of small 
F capillary 
I Pipette valve and stem which shuts 
6 pipette off from dead space 
J Evacuated outer can 
P Fic. 1 (left) Tue P-V-T Apparatus 
@ LEAD 


precision of 1 part in 3000 or 4000. Both types of gages were 
calibrated using the vapor pressure of carbon dioxide at the ice 
point as a primary standard.’ The temperature of the gas is 
measured simultaneously with the pressure by means of thermo- 
couples standardized with a helium thermometer. Tempera- 
tures can be read with a precision of 0.0005 deg C at room tem- 
peratures and of 0.003 deg at 20 deg K. The accuracy of the 
temperature scale is probably not better than 0.02 deg C at the 
lower temperatures, but is slightly better at the higher tempera- 
tures, 

After first closing the valve above the pipette J (see Fig. 1), and 
pumping out the gas held in the dead space above this valve, the 
number of moles of gas is obtained by expanding the gas in the 
pipette into calibrated cylinders maintained at constant tem- 
perature. The 
three steps so that the pressures in the calibrated cylinders never 
significantly exceed 1 atm. Pressures are read on a constant- 
volume mercury manometer to within 0.03 mm Hg with the aid 
of a cathetometer. 

The hydrogen used in this work was extremely pure. Impuri- 
ties never exceeded 0,001 to 0.002 mole per cent. The gas was 
prepared by triple distillation of electrolytic hydrogen. 

P-V-T Dara 

A few sample isotherms, with experimental points, are shown in 
Figs. 2, 3, 4, and 5, to indicate the precision of the data. 
2 and 3 show the low-pressure data, while Figs. 4 and 5 show the 
from 0 to 200 atm. 


yns are generally carried out in two or 


Figs. 


isotherms over the complete pressure range 

§ “A Fixed Point for Calibration of Pressure Gauges. The Vapor 
Pressure of Liquid Carbon Dioxide at 0°," by O. C. Bridgeman, 
Journal of the American Chemical Society, vol. 49, 1927, p. 1174 


a 
> 
‘ a iv 
| 
> 
‘ 
‘ 
. y 
ide 
~ 
~ 
‘ 
; 
- 
§ 
4 
‘ 
ig 


- . TRANSACTIONS OF THE ASME AUGUST, 1950 


SMOOTHED PV, RT VALUES FROM BOILING POINT OF HYDROGEN TO ROOM TEMPERATURE 


| 


TABLE 1 AND FROM 0-200 ATM 
Temp. K. 1 atm 2 atm S atm 10 atm 15 atm 20 atm 25 atm 30 atm 35 atm LC atm 4S atm 
300 1.000528 1.001137 1.903047 1.003134 1.009221 1.012253 1.015355 1.016433 1.021570 1.024553 1.027785 
250 1.000574 1.001308 1.003253 1.005572 1.009337 1.013202 1.015517 1.019632 1.023145 1.025412 1.029775 
200 1.001586 1.002355 1.00:550 1.00803, 1.011479 1.01527 1.013859 1.022454 1.025127 1.029959 1.033737 
175 1.000777 1.001473 1.003551 1.007181 1.010801 1.014191 1.018041 1.021522 1.025242 1.023331 1.032550 
150 1.000453 1.001103 1.002970 1.005219 1.009457 1.012715 1.015045 1.019375 1.022649 1.025534 1.030533 
125 1.000240 1.000529 1.002092 1.004431 1.005770 1.009109 1.011351 1.013590 1.015030 1.013954 1.022170 
100 0.999719 0.999597 0.999109 0.998522 0.998500 0.998622 0.998856 0.999175 1.000450 1.002034 1.00227 
90 1.C00123 0.999311 0.997280 0.994156 0.991457 0.939425 0.986072 0.937250 0.937260 0.987537 0.989425 
0.555357 0.997026 0.993055 0.986820 0.981335 0.975309 0.972043 0.958540 0.955102 0.954334 0.954579 
75 0.998007 0.995058 ©.990208 0.981271 0.973147 0.955997 0.950148 0.955273 0.951373 0.943773 0.945823 
0.995452 0.991390 0.978391 0.957573 0.935345 0.916035 0.898161 0.882928 0.359929 0.359773 ©.852452 
0.991337 0.982627 0.958049 0.917410 0.875042 0.835890 0.756225 0.754345 0.743419 0.725893 0.717137 
O+983327 0.967515 0.918258 0.630993 0.73217L 0.619976 0.523590 0.490599 0.495049 0.523590 0.556732 
0.974104 0.949439 0.873706 0.725367 0.472461 0.316480 0.350872 02395586 Ob43975 0.491558 0.538120 
SO atm 50 atm 70 atm 80 atm 90 atm 100 atm 125 atm 150 atm 175 atm 200 atm 
3 1.030873 1.037048 1.043303 1.049437 1.055612 1.051827 1.07730 1.092903 1.108745 1.124589 
250 1.033139 1.039818 1.045691 1.053711 1.060925 1.058335 1.085907 1.105528 1.124150 1.142527 
200 1.037575 1.045436 1.053296 1.061401 1.059505 1.077609 1.098325 1.119531 1.141457 = —----- 
175 1.03 5439 1.044494 1.052918 1.061520 1.070500 1.079550 1.103040 1.127475 1.152954 1.179515 
150 1.034543 1.042683 1.051210 1.059819 1.059077 1.073579 1.104729 1.132505 1.152055 1.192753 
} 125 1.025579 1.033759 1.042542 1.052191 1.052133 1.072952 1.102778 1.135723 1.170910 1.209112 
100 1.006785 1.013365 1.021285 1.030788 1.041257 1.053085 1.039750 1.133014 1.179302 1.227930 
$0 0.991322 0.996738 1.004592 1.014206 1.025445 1.034850 1.081358 1.131459 1.185753 1.2430b5 
30 0.95488h 0.958083 0.975090 0.985449 0.999549 1.015611 1.057351 1.127575 1.192k71 1.252037 
75 03945848 0.945173 0.952573 0.955347 0.982408 1.001582 1.059591 1.12952; 1.201231 1.275701 
} 60 0.848399 0.849517 0.385975 0.91:513 £47517 1.042980 1.145349 3.25¢957 1.350850 
50 0.718354 0.740499 0.777730 0.825183 0.387095 0. 1.062931 1.155230 1.332557 1.455333 
40 0.591395 0.655535 0.74190h 0.818527 0.893021 ©€.955995- 1.149039 1.225597 1.195555 554115 
35 0.583975 0.674547 0.755318 0.854252 0.940059 1.025171 1.235347 1.4351h3 1.537287 = 
TABLE 2. SMOOTHED PV, RT BELOW SATURATION CURVE OF HYDROGEN 
Temp, deg K 0.2 atm 0.4 atm 0.6 atm 0.8 atm 1 atm 2 atm 3 atm 4 atm Satm 6 atm 
30 0.993975 0.986571 0.978970 0.971567 0.964163 0.926037 0. 886088 0.842840 0.794831 0.737993 
25 0.989520 0.977901 0.966283 0.954418 0.942305 0. 877046 
20 0.984540 0.965573 0.946901 0.928230 
TABLE 3 SMOOTHED PV/RT AT MINIMUM IN PV/RT VERSUS 
Temp Pressure at minimum PV/RT at minimum 
100 0.998500 2800} — 
90 0.987260 
80 0.964579 
75 0.945686 
60 0.847383 
50 0.716407 
40 0.490295 > 
35 0.315090 
21p00! Hp ISOTHERM AT 250°% 
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(Temperature of isotherms reading from top left-hand side down are 35. 
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isotherms at left represent data below critical temperature, 20, 25, 30 deg 

Kelvin, and extend only to vapor-pressure curve.) 
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Fig. 7 P-V-T Data or Hyprocen Between Boring Point anp 
Critica, TEMPERATURE 


(Dotted lire represents vapor-pressure curve of hydrogen between normal 
oiling point and critical temperature.) 


Tables 1, 2, and 3 present a summary of the smoothed PV/RT 
values at integral values of the pressure and temperature. [so- 
therms below the ‘critical point’’ extend only to the saturation 
curve. 

Analytical expressions are now being obtained for the indi- 
vidual isotherms by means of IBM machines using a virial form 
of equation. The constants of these equations will be correlated 
with temperature to give analytical expressions for all isotherms. 
These analytical expressions will be used to construct a Mollie: 
diagram, which will be submitted for publieation in the future. 

Fig. 6 shows a plot of the data given in Tables 1,2,and3. Fig. 
7 shows the experimental data taken below the critical tempera- 
ture up to the saturation curve. 
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Heat Transter to a Fluid F lowing — 


Turbulently Between Parallel 


Walls With Asymmetric 


By R. 


The case of heat transfer to a fluid of constant proper- 
ties flowing turbulently between parallel walls having 
arbitrary but uniform temperatures is considered on an 
analytical basis, which is an extension of the work of 
Martinelli and of Harrison and Menke. Therefore, only 
conditions for a flow fully developed from the hydrody- 
namic and thermal standpoint are considered. It is 
shown that the existence of solutions for the case of one 
adiabatic wall enables the specification of the temperature 
distribution and heat-transfer coefficients for cases in 
which the walls have any uniform temperature values. 
The effect of inequality in the wall temperatures is shown 
to be small for Prandt! numbers greater than unity but 
significant for fluids of low Prandtl number, such as mol- 
ten metals. To facilitate its use in the present applica- 
tions, the existing solution for one adiabatic wall is ex- 
tended. 


NOMENCLATURE 


ERTAIN temperatures are defined in Fig. 1 and these 
are not repeated in the following nomer.clature which is 
used throughout the paper: 


thermal diffusivity, sq ft per see 
c = heat capacity, Btu/(Ib mass) (deg F 


D = distance between the plates, ft 
h = heat-transfer coefficient Btu/(hr) (ft?) (deg F) 
k = thermal conductivity, Btu/(hr) (ft?) (deg F/ft) 
p = pressure, (Ib force) /ft? 
go =. heat-transfer rate per unit area at wall, Btu/(hr) (ft?) 
T = temperature, deg F 
U = velocity, fps 
U, = friction velocity, U me fps 
x = direction of flow, ft 
X =. temperature-difference ratio, defined in Equation [8] 
y = direction normal to flow, ft 
« = eddy diffusivity, sq ft per sec 
vy = kinematic viscosity, sq ft per sec 
.p = fluid density, lb mass/ft* 
to = shear stress at wall, Ib force/ft? 


‘ Lecturer in Mechanical Engineering, 
Jun. ASME 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., November 27—December 2, 
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Nore: Statements and opinions advanced in papers are to be 
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INTRODUCTION 

In a recent paper Harrison and Menke (1)? have extended the 
method of Martinelli (2) to the specification of the temperature 
distribution in the turbulent flow of a molten metal between 
parallel walls, one wall being adiabatic. It is the purpose of 
this paper to demonstrate that the existence of a solution for the 
case of one adiabatic wall enables the specification of the tem- 
perature distribution and, consequently, of the heat-transfer co- 


? Numbers in parentheses refer to the Bibliography at end of paper. 
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efficients for the more general case in which the heat trarisfer 
takes place through both walls, the walls having any uniform 
temperatures. The solution for the case of one adiabatic wall 
has been extended so as to yield the quantities necessary for such 
a specification. 


SPECIFICATION OF TEMPERATURE DISTRIBUTION 

The problem considered herein involves the turbulent flow of 
a fluid of constant properties between two parallel walls, the 
temperatures of the walls having any uniform value. The flow 
is fully developed from a hydrodynamic and thermal standpoint, 
that is, the generalized velocity and temperature distributions 
in the flow cross section are assumed to be independent of the dis- 
tance in the direction of flow. . 

The energy and momentum equations can be written as fol- 
lows (neglecting any thermal effects of flow energy dissipation ) 


Dr Oy 
10 U 
P = E + ] [2] 
p Or rey) oy 


For the problem considered, the boundary conditions applying 
to the-energy equation are at 


y =0 
y=D 


The usual method of solution of Equation [1] involves assump- 
tions of the following type: 


(a) Separation of molar and molecular transfer effects into 
separate regions, after von Karman. 
(b) The neglect of changes in stream thermal-energy conte nt 
in those regions in which molecular transfer effects are appreci: able. 
(c) The assumption that 
wT, 
m 
Or or 


Except for the assumption of constant velocity, this is correct for 
.the case of constant wall heat-transfer rate and has yielded satis- 
factory results for cases of constant wall temperatures in previous 
applications of this type of analysis. 

(d) Integration of Equation [1] in terms of the diffusivity as 
calculated from Equation [2] and a specified velocity distribution. 


The problem can be solved in this way, but a simpler develop- 
ment is realized by use of the available solution for one adiabatic 
wall. This solution satisfies Equation [1] under the restrictions 
just specified, for boundary conditions which are at 


y =0 T = To’ 

D 

= 

dy 

the solution may be specified as? ; 
and the solution may be specified as _ 
T’ — = 0) 

Tp To J (D) = l 


Evidently the same solution is applicable if the heated and 
adiabatic walls are interchanged, so that the boundary condi- 
tions become at 


y=0 
3 The prime superscripts as used herein are merely discriminating 
symbols, and do not indicate differentiatlon. — 
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and this solution may be specified as 
T’ = 0 
r(D—y == that [4] 
To” — Tp’ =1 


Because of the linearity of Equation [1], any sum of solutions 
is also a solution, and a proper addition of the solutions repre- 
sented by Equations [3] and [4] will yield a temperature distribu- 
tion satisfying the boundary conditions of the present problem. 
Fig. 1 reveals such a combination of solutions, which can be stated 
in the following way 

Then, in terms of the two adiabatic wall solutions given by Equa- 
tions [3] and {4] 


= To’ + (T — Te' + Te’ — Te’ + 
— Tp")f"(D — y)........... 


The temperature distribution given by Equation [6] satisfies 
the energy equation in virtue of the fact that the solutions 
f(y) and f"(y) satisfy that equation. Agreement with the 
boundary conditions of the present problem is demonstrated as 
follows: 


Aty =0 
T = To’ + (Tp’ — + Tp” To” + — T'p")(1) 
= 
Aty =D 
+ To’ (1) + Tp’ To” + (T0” — Tp”)(0) 


Ta’ 
and since the solutions are so combined that 7p)’ = 7'5”, therefore 
= T,’ and the boundary condition at this point is fulfilled. 

The determination of the temperature distribution specified 
by Equation [6] requires knowledge of the differences Tp’ — 7'p’ 
and Tp” — To", which are in turn related to the mean, tempera- 
ture of the fluid. This relation is determined by the use of 
Equation [6] in the specification of the mixed mean fluid tem- 
perature. This mean fluid temperature is defined as 


=a 
Dt 
and in consequence, from Equation {6} 


T, = To’ + Tp’ — To” + (Tp' — To’) 


D 


Because of the assumed symmetry of the velocity distribution, 
(’/U,,, about the flow center line, y = D/2, the two integrals oc- 
curring in the right side of the Equation [7] have the same value. 
Further, these integrals also express the ratio of the difference 
between wall and mean temperatures to the difference between 
the two wall temperatures for the solutions applying to the adia- 
batic wall cases as given by Equations [3] and [4]. Thus for 
the case of wall D being adiabatic: 


For convenience in what —— this temperature ratio is desig- 
nated by the symbol XY. 
For the case of wall O being adiabatic 
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f"(D — y)dy = 9 


Introduction of these relations into Equation [7] yields the final 
expression 


or the alternative form 
T, = Tp” + X(To” — Ty") + To’ + X(T'p' — To') — 
[11] 
It has been noted that the temperature distribution obtaining 
for wall temperatures 7g and 7p can be obtained from Equa- 
tion [6] once the temperature = is known. This 
temperature is obtained from Equation [11] in terms of the mean 
Ennage temperature, 7',,, and the temperature-difference ratio X. 
The ratio X is obtained from the solution for one adiabatic wall 
and some magnitudes are indicated in the Appendix of this paper. 


Heat-TRANSFER COEFFICIENTS 


Knowledge of the temperature distribution enables the specifi- 
cation of the heat-transfer coefficient in terms of the temperature 
gradient at the wall.under consideration. Thus at the wall y = 


= 
and at the wall y = D 
ar 
T>— 


_ . Differentiation of Equation [5] so as to form 07’ /dy and evalua- 
tion of this quantity at y = 0 and at y = D reveals that the 
magnitude of the temperature gradient at the walls remairis the 
same as for the adiabatic-wall solution for the wall considered. 
The heat-transfer coefficient given by Equation [12] is-conse- 
quently different from that obtaining for one adiabatic wall only 
in so far as the preyailing wall temperatures affect the difference 
between the temperature of the wall considered and the mixed 
mean fluid temperature. ; 

Thus at y = 0, the ratio of the heat-transfer coefficient ob- 
taining for one adiabatic wall to that for the more general case 
here considered can be stated as 


and at = 


h To” — T,,’ 

As given by Equations [13a] and [134], the heat-transfer co- 
efficients are, in general, different for each wall, and they are the 
same for both walls only when the wall temperatures are the same 
or are equally above and below the mean fluid temperature. 

Consideration of the definitions of the Nusselt and Stanton 
numbers indicates that Equations [13a] and [13b] can also be 
considered as ratios of these numbers, as well as ratios of the heat- 
transfer coefficients. 


Discussion 


An immediate application of the foregoing theory is the speci- 
fication of the maximum variation of the heat-transfer coefficient 
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due to changes in the wall-temperature values. Already it has 
been noted that the heat-transfer coefficient differs from that 
obtaining for the system with one adiabatic wall only in so far as 
the difference between the wall and mean fluid temperatures 
differs from that in the adiabatic-wall solution. Thus the ex- 
tremes of variation occur for the case of equal wall temperatures 
(To — T,, = Tp T,,), on one hand, and for wall tempera- 
tures equally above and below the mean fluid temperature (7, —- 
T,, = T,, — Tp) on the other. If Equations [13a] and [136] are 
evaluated for these conditions, it is found that the ratio of heat- 
transfer coefficients specified by these equations depends only upon 
the temperature-difference ratio XY. This ratio can be evaluated 
from the known adiabatic-wall solution and the ratio of the heat- 
transfer coefficient h, obtaining for one of the cases just con- 
sidered, to the coefficient h’, obtaining for the adiabatic-wall solu- 
tion, can then be pened, This ratio of heat-transfer co- 
efficients is shown in Fig. 2 as a function of the Prandtl and Reyn- 
olds numbers. 


‘ 
-2 
Loc 
Fic. 2) Variation Heat-Transrer Corrricient DvE to 
CHANGES IN MaGnitupes oF TEMPERATURES 


(The two extreme cases are shown in reference to the case of one adiabatic 

wall. Temperature distributions are shown schematically adjacent to the 

curves depicting variation. The he at-transfer coefficient for one adiabatic 
wall is h’.) 


The effect of variation in the wall-temperature values on the 
heat-transfer coefficient is seen to be significant only for fluids of 
relatively small Prandtl numbers. For fluids of high Prandtl 


* number, the preponderant portion of the difference between wall 


and mean fluid temperatures occurs in the flow sublayers, and 
in consequence, the magnitude of the difference is not affected 
substantially by the relative wall-temperature magnitudes. 
Fig. 2 reveals that the variation in the heat-transfer coeffici- 
ent’is quite small for fluids having a Prandt! number greater 
than 10. 

A specifié example of the combination of two adiabatic wall 
solutions to obtain the temperature distribution for a case in which 
the wall temperatures are not equal consists in the comparison 
of this theory with the data of Corcoran (3), et al. These experi- 
menters determined temperature distributions across the stream, 
and heat-transfer coefficients for air flowing turbulently in a rec- 
tangular duct having an aspect ratio of 16, the wall temperatures 
being uniform with respect to length. The data and the predic- 
tion according to the present theory are prese nted in Fi ig. 3, the 
prediction being obtained asfollows: 
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Wall temperatures 
and 
w —— 120 F 
| 
> Mean airtemperature. 114.5 
| Reynolds number 30,500 
T-. ver: 120 F side 70 
redicted Nusselt num- 
1 120 F side 53 
110 F side 4s 
TEMPERATURE DistRIBUTION FOR Ark Flow in 
\ RecTANGULAR CHANNE! 
+ + =e 
0.6 0.8 LO 
% 
Gwen: Mean air temperature 114.5 F; wall temperature T,, = gat ; 
110 F; 7p = 120 F; Reynolds number = 30,500. ~~ ; 
Solution: It is first necessary to determine the te mper: ature _ 1 
difference ratio X, obtaining for the Prandtl and Re vnolds num- 
bers of the flow. The use of Equation [18] (see Appendix) for - | 
“the determination of — T,,’) and of Equation [14] through 
[17] for the determination of (7'9’ — Tp’) yields X = 0.85-for a | 
Prandtl] number of 0.72, and the given Reynolds number. (Linear 
interpolation of Fig. 4 yields X = 0.84.) The value associated 
with the two adiabatic-wall solutions from which the desired re- oul 
sult is obtained are now determined as follows: a f 
° 
From Equation [8] From Equation [9] +20} - 
Tm’ — 110.0 T,” — 120.0 
085 = 0.85 = — 
Tp’ — 110.0 120.0 
and from, Equation [10] 5 
IMs + 7," —T," | 
Solution of these equations yields 4 
Tp’ = To” = 114.2; T,,’ = 113.6; T,,.” = 115.1 | 
The femaper ature distribution is specified by Equation [6], the y \ 
necessary “adiabatic-wall’’ temperature distributions bei ing ob 
tained from Equations [14] through [17] (see Appendix). This | | | ‘ 
qi 
in 
ijt 5 6 If 
° 
Log 2UmD 
10 
Fic.5 Nussevr NuMBER AS 4 Ft NCTION OF REYNOLDS AND PRANDTL 
NUMBERS T 
| 
0.90 Re ee | 1.0 distribution alre: ady has been calculated in the process of eVvalu-_ 
| , ating the ratio X. 
t ef !0 The determination of the heat-transfer coefficients does not he 
0,80 
, epenn require the determination of the temperature distribution, but co 
7 Ol ‘ ktiowledge only of the temperature quantities just noted. Thus CO 
0 the process is somewhat shorte ned if an approximate value of X tr: 
is obtained from Fig. 4. be 
0.60 _ The Nusselt number for the adiabatic-wall case has been me 
’ , calculated as 60.2. (A magnitude can be approximated from nu 
Fig. 5.) Application of Equations [13a] and [13b] yiek ds the ter 
1 y 
0.50 Nusselt numbers for the case*under consideration: by 
4 5 SL one 2UmD For the 110 deg F wall gel 
F v Pr: 
2 
Fic. 4 Ratio aS A FUNCTION oF 115.1 2hD = 60.2 = 48 ser 
REYNOLDS AND PRANDTL NUMBERS h 110.0 — 113.6 k 1.25 
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For the 120 deg F wall 
_ M42 — 113.6 
120.0 — 


2hD 
115.1’ k 


60.2 
1.12 


= 53 


The predicted Nusselt number is seen to be substantially less 
than the experimental value at the 120 deg F wall. A similar- 
. discrepancy can be noted between the measured and predicted 
temperature distribution. This might be ascribable to an inade- 
quate starting length, except that the experimental apparatus 
.had a 75-width length upstream from the measuring section. 


CONCLUSIONS 


The case of heat transfer to an incompressible fluid flowing 
turbulently between parallel walls has been considered for the 
case of arbitrary uniform wall-temperature values. A technique 
of calculating the heat-transfer coefficients and the temperature 
distribution has been indicated. 

Variations in the magnitude of the heat-transfer coefficient 
due to the relative values of the wall temperatures have been 
shown to reside in variation of the difference between wall and 
mean fluid temperatures. Such variations are shown to be sub- 
stantial only for fluids of low Prandtl] number. 

Presently ‘available data are not sufficientiy extensive to estab- 
For the 
case of equal wall temperatures, the solution can be shown to 


lish the accuracy of the solution for the general case. 


coincide with existing solutions (2) for the case of equal wall tem- 
peratures, and these solutions are in accord with experimental 
data for the flow of air in ducts of large aspect ratio. 

The extension of these concepts to the case of a fluid flowing 
. turbulently in an annulus depends upon the radius of curvature 
involved. It is complicated by the dissimilarity of the two adia- 
batie-wall solutions necessary to a general solution, and the 
adiabatic-wall solutions are jn turn complicated by the inequality 
of the skin-friction coefficients on ‘the inner and outer cylindrical 
surfaces. 
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Appendix 


TEMPERATURE JDISTRIBUTION Heat-TRANSFER Co- 


EFFICIENTS FOR THE Case or ONE ApIABATIC WALL 


AND 


The basis of the method proposed for the calculation of the 
heat-transfer coefficient for the more general wall-temperature 
conditions is the availability of results for the heat-transfer 
coefficient and for the temperature ratio X for the ease of heat 
transfer to a fluid flowing between parallel plates, one plate 
being adiabatic. Harrison and Menke (i) have outlined the 
method of solution for this case and have presented Nusselt 
numbers for fluids of low Prandtl number. In these results the 
temperature ratio XN is not given. The solution is here extended’ 
hy giving expressions for the temperature distribution and by a 
general result for the Nusselt number for cases of fluids of large 
Prandt] number. 
sented for some Prandtl numbers. 

The assumptions necessary for a solution have been indicated 


Values of the temperature ratio X are pre- 


HEAT TRANSFER TO FLUID FLOWING TURBULENTLY BETWEEN PARALLEL WALLS 


793 


in the body of the paper. On such bases and upon the assump- 
tion of an eddy diffusivity, the temperature distribution across 
the channel can be obtained. In accord with the assumptions of 
Harrison and Menke, the diffusivity for heat has been presumed 
the same as for momentum transfer, and that diffusivity is ob- 
tained from the presumed linear shear distribution and the Prandt!- 
Nikuradse velocity distribution, except in the central region of 
the channel. In this region, from y/D 1/4toy/D = 3/4 the 
diffusivity has been assumed constant at its maximum value, which 
obtains at y/D = 1/4 in the basic calculation. The calculations 
of Harrison and Menke reveal this to be a plausible assumption. 

_ The temperature distribution obtained from the integration of 
Iquation [1] can be specified in terms of the following equations — 


Region 0 < < 
7 T. 
2.5 do a: a 
acl. 
l 
Region ~| < - 
wo D 4 
— Ty D l 3 1 
= log —— - 
40 8 (m — n) / 
~m 
pct’, Dy 
{15] 
—n 
D 
where in this particular equation 
l 1+ 20 1 l = 
\ Dtv/a \ D*v/a 
m= - n= 
—4 
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(16) 
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0.05 + - 
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E (m 3/4 [17] 
‘where in this particular equation 
\ Dtv/a \ D*via 
m= r= — 
—4 


For fluids with Prandtl numbers greater than unity, the effect 
of molecular conduction in the turbulent region of the flow be- 
comes small. In such cases those terms in the foregoing ex- 
pressions which involve the Prandtl number can be eliminated and 
substantially simpler expressions obtained. 
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The specification of the temperature distribution, together 
with the assumed velocity distribution, enables the evaluation 
of the mixed mean temperature of the fluid. - This is expressed 


conveniently in the form of the difference between wall and 


mean fluid temperatures as 


= 
_4o - Yo dy 18} 
2.5 2.5 : 


The integral in Equation [18] is evaluated graphically or 
numerically by means of the temperature distribution as given 
in the previous equations. It is apparent that the evaluation of 
Equation [18] immediately yields an expression for the heat- 
transfer coefficient 


A= 
Combination of Equation [18] with the expression for the dif- 
ference between the wall temperatures yields ‘an expression for the 
ratio 


_ To 
To Tp 

Fig. 4 reveals the general variation of this ratio with the Reyn- 
olds and’ Prandtl numbers. Consideration of the problems on 
the basis of the neglect of all turbulent diffusion effects on the heat 
transfer reveals a lower limit of about 0.66 on the value of X and 
reference to the figure indicates that conditions: at v/a-= 0.01 
begin to approach this extreme. 

The heat-transfer coefficient, expressed as a Nusselt number, 
is shown in Fig. 5. There the minimum value of the Nusselt 
namber as derived by Jakob (4) for laminar flow is shown as a 
dashed line. A similar consideration, assuming heat transfer by 
conduction only and a uniform velocity for the entire flow, yields 
a Nusselt number only slightly highér, sq that the dashed line 
ihdicates an approximate limit for all Reynolds-number values. 
The entrance effeet under such conditions would be expected to 
be considerable. 

For Prandtl numbers greater than unity, the negligible effect 
of molecular conduction in the turbulent core enables a specifi- 
cation of the mixed mean temperature which is independent of the 
Prandtl number if it is assumed that the mixed mean tempera- 
ture of the fluid in the turbulent region of the flow is equal to the 


mixed mean temperature of the entire flow. This is a reasonable + 


approximation even at low Reynolds numbers. It is found that 
for these cases the quantity 
2.5 qo/pcu; 
is a substantially linear function of the friction Reynolds number, 


2U,D/v. This enables a convenient specification of the heat- 
transfer coefficient in the form 


- i 
8 
pc U,D 
Une 5 + 5 log (5 + ') + 2.38 log 
a a 


It has been noted by R. Lyon (1) that the increased effect of the 
Prandtl number, when the Prandtl number becomes small, can 
be accounted for in an empirical expression of the Nusselt number 
of the type : 
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2hD p\" 
) 
k a 


where A, B, and n are constants. Constant A serves to rational- 
Ize conditions at small Peclet numbers where the “limiting” 
value of the Nusselt number is approached. The Nusselt num- 
bers presented in kig. 5 can be expressed by the equation 


2hD 
k. 


2U,,D\°* 


= 5.8 +° 0.020 
a 


in the range . 


A ted 


a 


< 105 


0.01 < v/a < 1.0 


with an accuracy of +5 per cent. : 


Discussion 


J.R. MENKE.‘ The auther has provided a worth-while exten- 
sion to our understanding of heat transfer at low Prandtl number. 
He has noted the utility of superposition of the earlier solutions 
(1, 2)? and he-has extended and refined the calculations. The 
former result, the summation of solutions, is not altogether sur- 
prising, possible, as he of course points .out, because of the 
linearity of the fundamental differential equations. The latter 
results, the calculations, are more complete (extending over the 
full range of 10! to 10° for Reynolds number, and 0.01 to 1.0 for 
Prandtl number) and probably more accurate than those given in 
(1). The results given in (1) and (2)* have been subjected to a 
first experimental test with rather reasonable agreement and are 


reported in a paper by Dr. R. N. Lyon? needing citation here. 


We have, however, no new experimental information? on the 
behavior of the eddy diffusivity néar the center line of flow. The 
author, therefore, has used the earlier (and imperfect ) assumptions 
of (1)° with consequent limitations to accurate results. Powerful 
tools have been given to the experimenter to test these assump- 
tions; measured traverses of temperature, t, and temperature 
derivative, (0f)/(0y), will yield much information in fluids with 
low Prandtl numbers. One might, perhaps, sugyest these meas- 
urements in a liquid metal flowing between plane parallel walls 
with almost all the heat flowing into one wall and out the other, 
i.e., heat flow “straight” across the channel. . This approach is 
perhaps the most sensitive method for obtaining the differential 
deserjption of the processes at work in the stream. A simplified 
method ior measuring the integral result (the heat-transfer 
coefficient itself) is suggested in (1). Techniques for handling 


‘the liquid metals are rather well developed today: further 


studies with-gases are also worth while. . 
Moreover, the question of the ratios of the eddy transports of 
heat, mass, and momentum is subject to more powerful attack 
with the availability of radioactive isotopes to compare measured 
mass transports with the foregoing measured heat transports. 


Riewarp N. Lyon. Dr. Seban has presented a powerful 
concept in his method for superimposing the heat flow from two 


‘Nuclear Development Associates. Ine., New York, N.Y. Jun. 
ASME, 

Author's Bibliography. 

Transfer at High Fluxes in Confined Spaces," by R. N. 
Lyon, Dissertation, Doctor of Philosophy, University of Michigan, 
Ann Arbor, Mich., 1949, . 


’ Dr. B. H. Sage, California Institute of Technology, Pasadena. - 
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walls of a flat channel to enable calculation of 
-the over-all heat-transfer effects. It will un- 
doubtedly find wide application in the design 
of heat exchangers, as well as in future investi- 
gation of forced-convection heat transfer. The 
use of three relationships implied or stated by h'T, 
Dr. Seban in his paper, but not stressed by him, 

enable the usefulness of his concept to be shown 

clearly, (1 


These are 


[20] 
21] 
{10} 


heat-transfer problems, the calculation of the aetual 
heat-transfer coefficient at the the ultimate 
in determining 
lp, qo, and qp. Any three of these variables plus the values of 
the Reynolds number and of D for the sy stem, together with the 
thermal conductivity of the fluid and its Prandt] number, will 
completely define the isothermal forced-convection system with 
smooth walls, as postulated by Dr. Seban. The value of h’ 
or h” can be calculated by the usual relationships for ordinary 
fluids, or by the last equation in the appendix of Dr. Seban’s 
paper for the case of liquid The value of X can be 
obtained from Fig. 4 with a knowledge of the Reynolds and 
Prandtl numbers, Any two of the five temperature and heat- 


In most 
two walls is not 


objective. Usually one is interested 


metals. 


How variables listed herein can be calculated easily using « simple 
extension of Dr. Seban's paper as follows 


or 
¢ 
« 2 1D +T,+T,— 
h he 
Since h’ = h” and To” = Ty’, this may be written 
an db 
h ( = - + Go [22] 
or alternately as 
qo 
A(T, = | 23 
Adding Equation [22] to Equation [23] gives 
h'X(T To) = 4+ Ip [24] 


Solving for q, in Equation [22] and in Equation (24), and equat- 
ing the solutions 


Solving for gp in Equation [23] and 
equating the solutions 


') =h'X(T, To) — qn. {25! 


in’ Equation {24] and 


A(T, ( ') =Ah'N(T, To) — qo. 
Calculation of any of the five variables in terms of any three 
of the remaining variables plus Ah’ and X may be aecomplished by 
Means of the appropriate equation from the following rearrange- 
‘Ment of Equations (23], [24], [22], [25], and {26} 
The symbol Yo represents the heat flux entering one wall from * 
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h’T,, — 4 [27] 
WAT, + =0........ {28} 

h’T,, +e 4 =0 (29) 

+(1—N'T, 4 (2 =0 

the fluid, while 4 Yepresents the heat entering the fluid 


from the opposite wall. Negative values of Yo and qy merely 
indicate heat flow in the opposite directions. 

Values of ho and hp can be obtained if desired from the de- 
finitive equations 


The writer hopes, the foregoing comments will stimulate more 
rapid utilization of Dr. Seban’s important contribution to the 
field of forced-convection heat transfer, 


AvuTHOR’s ‘LOSURE 


Mr. Menke has appropriately emphasized the uncertainty 
concerning. the magnitude of the eddy diffusivities for heat and 
momentum near the center line of the flow. In the present 
analysis, as in that of Harrison and Menke, a uniform diffusivity 
corresponding to the maximum value indicated by use of the . 
Prandtl-Nikuradse expression for the velocity distribution in 
the turbulent region of the flow has been employed for the entire 
central half of the flow, Actual diffusivities are expected to be 
somewhat lower, and thus the heat-transfer rates predicted by 
the present analysis are somewhat too high. This discrepancy 
depends both upon the amount of heat flowing across the center 
line and upon the Prandtl number of the fluid. At the low 
Prandtl numbers typical of molten metals. particularly at. 
low Reynolds numbers, the relative effect of molecular conduc-_ 
tion is so great that the contribution of turbulent diffusion to. 
the heat transfer is quite small. 

There is a further question regarding the relation between the. 
diffusion coefficients for heat and momentum transfer, which 
might be determined from measurements of the velocity and 
temperature andegradients thereof, 
experimental 


Fig. 3 of the paper indicates 
Measurements on a system designed to realize 
such an objective and similar experimentation with fluids of low 

indicating if there is any 
for heat upon the Prandt] 


Prandtl number would be useful in 
dependence of the eddy diffusivity 
number, 

Dr. Lyon!s examination has produced a valuable generalization 
of the problem, expressed finally in the last five equations of his 
discussion. The flexibility of that expression of the results has 
there been noted, and one important point can be emphasized 
therefrom because these equations enable the specification of the 
wall temperatures in terms of the heat rates Yo and gp. It can be 
shown that if the heat rates qo and qp are constant with respect to 
, then the assumption ‘ce’? which follows Equation {2} 
precisely fulfilled. For such a case Equations [27] to (31 enable 
the relation of 7, and Ip tothe mean fluid temperature 7), the 


‘ 


Is most 


variation of which is linear with x because of the constant heat 
input to the fluid. Thus the linear variation of the wall tem- 
peratures corresponding to the constant-heat-rate case can be 


determined. 
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Heat-Transter Rates 


in Centrifugal Com- 


pressors and the Effect of Internal 


Liquid Cooling on Performance 


By W. E. TRUMPLER,' R. W. FREDERICK,? anp P. R. TRUMPLER 


This paper makes a preliminary exploration of the cool- 
ing rates which may be obtained in the internal passages 
of a centrifugal compressor. A mechanism for such 
calculations is proposed, data are given and correlated, 
and the results are used for prediction of: performance of 
a compressor pumping 7500 cfm air to 100 psi, assuming 


various cooling arrangements. 
NOMENCLATURE 
~The following nomenclature is used in the paper: 

A = area, sq ft; Ao refers to diffuser wall, A, to diffuser 
side of plate, A, to return channel side of plate, Ay 
to diaphragm wall in return channel 

cy = specific heat of gas at constant pressure Btu/(Ib,,) (deg 

F) 
4 X flow area 
D = hydraulic diameter, ft, equal to —— - 
wetted perimeter. 

g = acceleration of gravity, ft/sec? 

G = mass velocity, lb,,/ (hr) (sq ft) 

h = heat-transfer film coefficient, Btu/(hr) (sq ft) (deg F) 
k = thermal conductivity of gas, Btu/(hr)(sq ft) (deg 


F/ft) 

A = thermal conductivity of diaphragm metal, Btu/(hr) 
(sq ft) (deg F/ft) 

nm = exponent in polytropic change of state 

N = rotative speed, rpm 

p = absolute pressure, lb, per sq ft; subscripts | and 2 refer 


to beginning and end of a succession of states, 
q = heat flow rate, Btu per hr; subscripts 0 to 3 have same 
meaning as for areas A 


@ = volume rate of fluid flow, efm 

R = gas constant in py = RT 

T = absolute temperature, deg F abs 

u = peripheral velocity of impeller, fps 


U = over-all conductance, Btu/(hr) (sq ft) (deg F) 
(UA) » = value of UA, assuming water film coefficient infinite 


v = specific volume, cu ft per lb,, 
Vo = fluid velocity, fps 
w = flow rate of gas, lb,, per hr 


= absolute viscosity /(hr) (ft) 


B is defined as (=) n 1 
n l Pr 


n 


N 


‘Chief Engineer, Centrifugal Engineering Department, Clark 
Brothers Company, Inc., Olean, N. Y. Mem. ASME. 
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Y = ratio of specific heats, c,/¢, 
n = efficiency; subscript H refers to hydraulic efficiency 
= pressure coefficient 


p = density, lb,, per cu 
Subscripts: 


d refers to diffuser 
-rrefers to return channe! 
w refers to water 


INrRODt CTION 


For many applications the advantages resulting from cooling « 
gas during compression have been clearly established. Usually this 
cooling is obtained by withdrawing the gas from the machine at. 
one or more intermediate points in the compression and passing 
it through heat exchangers. The construction of a centrifugal 
compressor is such that, without much added expense, the gas 
may be cooled as it flows through the fixed passages, 
of the high velocities in these passages the heat-transfer film co- 


Because 
efficients are high. The questions may well be asked, what is the 
magnitude of these coefficients? how can one caleulate the 
cooling effect which may be obtained in present commercial de- 
signs? and what is the effect of such cooling on over-all per- 
formance and other economic factors affecting users of centrif- 
ugal Compressors? 

It is the purpose of this paper to provide limited answers to 
The answers are limited first in scope, 
concerning themselves only with one commercial centrifugal de- 


these three questions, 


sign, that manufactured by the authors’ company, and applying 
the results to a study of only one process condition, namely, 
compression of 7500 cfm air at 68 F and 14.7 psia to LM4.7 psia. 

As with most 
industrial research, the need for results was urgent and the man 
power limited. 


A second limitation is inherent in our method, 


Therefore it was not possible to examine criti- 
cally many of the assumptions upon which the theory is based. 


Corrrictents IN COMPRESSOR PASSAGES 


In Fig. 1 is shown an assembly of a commercial four-stage 
centrifugal compressor of the type used in the investigation, 
Outer diameter of all impellers is 18 in., and operating speeds vary 
from 7300 to 9800 rpm, depending on the application. 

A detailed view of an intermediate stage is shown in Fig. 2. 
The gas first enters guide vanes, which direct the flow at the de- 
sired angle into the impeller, At the impeller periphery the gas 
leaves the wheel at a velocity near the acoustic. Conversion of 
velocity to pressure is accomplished in the diffuser, which, except 
for inlet and outlet, consists of two smooth parallel surfaces. At 
the return bend, the gas velocity is of the order of 300 fps. The 
gas approaches the next stage through the return channel which 
has integrally cast ribs, or return vanes, to direct the flow into 
the next stage. The casting, which encloses the return channel 
and the cooling-water passage, is known as the “diaphragm.” 
Both diaphragms and inlet guide vanes are split on a horizontal 
diameter. 
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Fic. 2. REPRESENTATIVE INTERMEDIATE-STAGE CONSTRUCTION 


Guide-vane sections may be either cast or fabricated by weld- 
ing, with the latter method preferred. Three types of guide 
vanes are used in the standard design and provide for a gas flow 
approaching the impeller with an angular velocity in the diree- 


tion of-rotation (With), against rotation (Ag), or straight radial 
(Rad), with zero rotation. By changing the guide-vane selection 
the capacity of a given stage may be changed as much as * 15 
per cent without loss of efficiency, and without change in any 
other physical element or change in speed. By eapacity is meant 
the actual volume per unit time flowing through the stage inlet. 
Fig. 3 shows the design of an AB-diaphragm inserted between 
stages A and B. Two other designs are used for smaller-ca- 


pacity stages, namely, B-diaphragm for insertion between B-— 


stages ‘and between B and C-stages, and C-diaphragms for all 
lower-capacity stages. Diffuser widths, which are specified to 
maintain the same velocity in each stage, may be controlled by 
different. finishing dimensions on othérwise identical castings. 
Each half-diaphragm has its own external water connections, 
thus eliminating internal connections at the split. The coring of 
the water passages is designed to obtain maximum water film co- 
efficients with passages of reasonable size, and to minimize 
entrainment of air. Plugs around the diaphragm periphery 
permit some degree of mechanical cleaning of water passages, 
although chemical cleaning is recommended. The water-flow 


‘directions are indicated in Fig. 3. Normal flow rate for this size 


(No. 2) case is 100 gpm, divided equally between top and bot- 
tom halves, and 50 gpm flows through the half-diaphragms in 
series from one end of the machine to the other. 

The diaphragms are cast iron or a high-conductivity bronze. 

It will be clear that analysis of the heat transfer from the com- 
pressed gas through the irregular diaphragm wall to the water is a 
complex matter. Assuming that the water film resistance is 
small compared with the total thermal resistance, the heat- 
transfer problem may be divided into, three parts, namely, gas 
film coefficient in diffuser, gas film coefficient in return channel, 
and resistance of metal wall. The effect of heat flow between 
casing and gas at the return bend, along the shaft, through the . 
guide vanes and at the impeller walls was assumed sufficiently 
small that it could be taken into account adequately by the ex- 
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perimentally determined constant in the diffuser film-coefficient 
equation, 

Three important assumptions are made in cilculating the gas 
film coefficient in the diffuser, as follows: 


1 Although there is a large variation in gas velocity, an aver- 
age value of the coefficient is applied to the entire surface. 

2 The value of hy varies in accordance with an equation of 
the same form as that generally used for turbulent-flow film co- 


efficients inside pipes or ducts* 


h,D 


- & k 


VDp 0.8 o.4 

const {1} 
Z k 

with D taken as the diffuser width, and V directly proportional to 

the gas velocity entering the diffuser. Diffuser 

other than D are identical for a given size of machine. 


dimensions 


‘Heat Transmission,” by W. H. McAdams, second edition 


McGraw-Hill Book Company, Inc., New York, N. Y., 1942. 
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3 The velocity V is independent of the capacity and directly 
proportional to the peripheral velocity of the impeller. 
impeller diameter is uniform for each compressor size, this im- 
The justification for this 
simplification is indicated in Fig. 4 which shows velocity diagrams 
at various loads at a given peripheral velocity, for the particular 
type of impeller used in the centrifugal being investigated 


Since 


plies that V is proportional to rpm. 


U © PERIPHERAL VELOCITY OF IMPELLER \ ve 
Vv «ABSOLUTE GAS VELOCITY LEAVING 4 
LLER 
@ RELATIVE GAS EXIT ANGLE (ESTIMATED) 


@o: IMPELLER BLADE EXIT ANGLE 


Fie. Vevocrties at Impeccer Exit 
As a consequence of these assumptions, and neglecting varia- 
tion of the Prandt! modulus with gases, the equation for diffuser 


film coefficient becomes 


where the constant was determined by trial and error to fit a 
wide range of performance data on two size No. 2 (18-in-diame- 
ter impeller) machines. 

Gas properties were evaluated at total (stagnation) tempera- 
total at the return bend. The stagnation 
temperature was used as the effective gas temperature for deter- 


ture and pressure 
mining heat-flow potential between gas and surface. 

Ay in the diffuser was taken from the 
outer impeller dianieter to the outer edge of the diaphragm, and 


The effective wall area 


the diffuser-plate area A; was taken from the outer impeller 
diameter to the maximum plate diameter. 

It was .assumed that the coefficient in the return channel 
could also be caleulated by Equation [1| which, with a constant 
of 0.023 as recommended by MeAdams and a Prandt! modulus of 


0.78, becomes 
h, = 0.027 ¢, 
dD, 


In determining the gas-flow area through the return channels, 


. [3] 


the arithmetic average of the areas at the outer and inner edges of 
The gas flow per unit time was taken 
as its value at the compressor discharge, thus neglecting leakage 
effects, 
exit of the return channels, and the arithmetic average of their 
two-tenths power taken to evaluate (D_)"-?. Thermal properties 
were evaluated from stagnation temperature and total pressure 
at the adjacent return bend. 

In the return channels, the plate area A, was equal to the dif- 


the diaphragm was used. 


The hydraulic diameter D, was found for entrance and 


fuser side plate area A, minus the cross-sectional area of the 
vanes plus one half the surface area of the vanes. The area of the 
diaphragm wall A; was taken to be the area from the outer edge 
of the diaphragm to the point of contact with the inserted vanes 
minus the cross-sectional area of the integral return vanes plus 
The reason for 
the separation of the return-channel surface into plate area and 


one half the surface area of the integral vanes. 


diaphragm wall area will become Glear 


with discussion of the 
wall resistance calculation. 
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He: at flow through the walls is calculated on the basis of the 
following assumptions: ; 


1 The gas contacts four isothermal surfaces: namely, diffuser 
wall, diffuser plate, return-channel plate, and diaphragm wall, 
the effective surface areas of Which have been previously defined 

2 The temperature difference between the two plate surfaces 
is the temperature drop calculated to conduct the heat flowing 
into the diffuser plate surface through the thickness of the plate. 

3 leat flow into the water takes place by three independent 
parallel paths: namely, (1) from the two plate surfaces through 
the return vanes, which have an effective length equal to the 
average width of the return channel, plus the thickness of the 
wall between the return channel and water passage, an effective 
heat-flow area equal] to the total cross-sectional area of the vanes, 
and a temperature drop from the return-channel plate surface to 
the water surface, (2) from the diaphragm wall surface to surface 
on the water side of the wall from which return-vane cross-sec- 
tional area has been subtracted, and (3) from diffuser wall sur- 
face to water surface on the other side of the wall. 


The water surfaces used for the three parallel heat-flow paths 
were the total return-vane cross-sectional area, the diaphragm 
wall surface As, and the diffuser wall surface Ay. A water con- 
ductance of 2000 based on these surfaces was assumed unless 
otherwise noted. 

It should be understood clearly that the method here used for 
calculating heat flow through the complex diaphragm walls may 
limit seriously the generality of the conclusions. Solution by 
successive numerical approxim: ition was attempted, but conver- 
gence Was too slow. 

Based on the heat-transfer mechanism just described, and with 
a knowledge of fundamental stage characteristics used to calculate 
the performance of uncooled machines, ‘the performance of a 
The stage character- 
istics are the pressure coefficient w and the hydraulic efficiency 
ny, both as functions of the independent variable Q/N at the en- 
trance tothe stage. The definition of « for one stage‘is 


D2 
dp 


cooled compressor nay be established. 


which for air as a perfect gas following the compression process 
pe" constant, may be written 


1725 7; B 15] 
u? 
where 


where Wky represents the total mechanical work into the fluid 
being compressed. For a perfect gas following the process pu” 
constant, with no heat transferred to the fluid, it may be veri- 
fied that 


‘similar in design to the machine in Fig. 1. 
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For air, a commonly used value for (4 1) 7 is 0.283, which 
will be used in: all calculations given in the paper. Tempe setunes 
and pressures at stage entrance and exit are related by the equa- 


tion 


Knowing the temperature 7), pressure p,, and volumetric gus 
flow @ at stage entrance, plus the impeller rpm, the values of u 
and ny are first determined at the given Q/N from characteristic 
curves determined from previous experiments on uncooled ma- 
"Pressure py at entrance to the next stage, and 72, the 
total temperature at impeller exit (same as temperature entering 
next stage in an uncooled machine) are then calculated. The 
“as temperature entering the.next stage is determined on the basis 
of film coefficients and metal conductances as previously outlined. 
The caleulation is a trial-and-error procedure. The temperature 
of the diffuser-plate surface must be such that the heat trans- 
terred to both sides of the plate is equal to the heat flowing 
through the return vanes. 


chines 


The constant in Equation [2] was set to obtain agreement be- 
tween calculated and observe d performance of two different coms 
mercial machines, 


Tests or Warer-CooLep CoMPRESSORS 


Important physical data on the two machines tested are given 
in Tables and 2. Both were four-stage size No. 2 compressors, 
Both had 18-in-diam 
impellers and were designed for operation at 9600 rpm. The first 
machine was designed for full-load volumetric — flow of 
7500 cfm air at 68 F and 14.7 psia, the second for 2700 efm air at 

85 F and 42 psia. Each machine was operated over the entire 
oalleniaiie capacity range both with and without cooling water. 
Since the available power for these tests was limited, suction 
pressures at or below atmospheric were used. Speeds ranged 
from 9060 to 10,070 rpm. 


TABLE 1 DIAPHRAGM DIMENSIONS 


+ Diaphragm type 
Cc 


AB 3 
Ap, sy ft TT vos 8.58 3.53 3.53 
As, sq ft 4.89 5.03 5.16 
Return-c 0.637 0.633 0.625 
Return-channe! flow area, sq ahaa - 0.346 0.319 0.291 
Return-channel wall thickness, ft. 0.0365 “0.03865 0.0365 
Return-vane cross-sectional area, sq ft.... O 844 0.945 1.06 
Return-vane axial length, ft 083 0.083 0.083 
Plate thickne . O.0704 0.0650 {0 0704 
Diffuser-wall thickness, ft 0 6442 0 04905 0.0650 
TABLE 2) DIFFUSER WIDTHS 
Guide Diffuser 
Impeller vane width, D, ft 
Rad 0.0443 
Ag 0.0312 
Rad 0.0312 
Ag 0.0312 


Standard ASME long-radius Jow-ratio nozzles of 5 and 6 in. 
throat diam, installed in accordance with the ASME Code, meas- 
ured air flow out of the compressors. Speed was measured with a 
stop watch and a revolution counter geared to the shaft. All 
pressures were measured with impact tubes adjusted at each 
run to point directly into the air stream. Gas temperatures were 
measured with bare mercury-in-glass thermometers, except 
within compressor passages, where calibrated bare copper-con- 
stantan thermocouples were used, Since gas velocities were not 


< 
| 
n 
The definition of hydraulic efficiency is 
Dy 
. . 
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over approximately 300 fps, all recovery factors were taken as 
unity, that is, temperatures were considered as stagnation values. 
Each gas temperature was the average reading of at least two 
‘probes, and all pressures, except those inside the compressor 
case, were the average of at least two independent impact-tube 
readings. 

Pressure and temperature readings were taken at the following 
locations: Upstream from the inlet flange, downstream from the 
discharge flange, and at the three return bends. One pressure 
point and two temperature points were located around the ma- 
chine at each return bend. 

It should be noted that instrumentation at the return bends was 
not adequate for the desired accuracy. 
varied 


Pressures, and particu- 
around the circumference. Two 
temperature readings at a return bend usually were within 2 
- deg F, but differences up to 13 deg F were noted. Since each 
thermocouple was made of specially selected wire and checked 


larly temperatures, 


with the assembled probe in « special hot-air calibration apparatus 
to read within 0:5 deg F of the standard Leeds and Northrup cali- 
bration curye, it was concluded that the readings reflected non- 
Differences would 
It was not considered desirable to in- 


uniform conditions within the compressor. 
vary with change in load 
sert more probes into the machine in order to obtain a better 
average 
For many runs the suction flow to the compressor was throttled 
by means of two flat contiguous perforated plates whieh could 
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4 ith respec ac r. Thus the flow was throttled 
without setting up irregular velocity distribution at the com- 
pressor inlet. To insure an even better velocity distribution, 
three 12-in-diam plates with '/~in-diam holes on pitch 
were inserted about six inches apart in the duct section between 
throttle plate and inlet flange. A gate valve in the compressor 
discharge line was used for control purposes 
In the cooling runs, water flow through the diaphragms (sepa- 
rate for the upper and lower casing halves) was measured with 


CENTREIFUGAI 


be moved with respect to each othe 


weighing tanks and platform scales. Temperature rise of the 
cooling water did not exceed 10 de ‘g, and therefore thermometers 
with 0.1-deg divisions were used. 

In all runs except a few in the surge region, data were taken at 
approximately 15-min intervals until two successive 
showed no appreciable difference. 
readings was taken for calculation. 
Tables 3 and 4. 

. 5 and 6 are given the stage characteristic curves caleu- 
lated from data on the test compressors operated without cooling. 
Since it Was not convenient to obtain data at entrance to the guide 
vanes, the return-bend measurements were used instead. The 
first stage, therefore. extends from inlet flange to first return 
bend, the second stage from first to second return bend, the third 
stage from second to third return bend 
third return bend to discharge flange 


readings 
The average of these two 
Data on the various runs are 
presented in 


In Figs 


, and the fourth stage from 
It will be seen that cor- 
rections were made for heat gain or loss in first and fourth stages 


TEST DATA, HIGH-CAPACITY COMPRESSOR, UNCOOLED 


Run Run bei , Run Ri un Run Run * Run Run Run -Run 
Calculations 123-1 123-2 23-3 123-4 123-5 123-6 123-7 123-8 123-0 123-10 «123-11 

Nozzle diameter, im........ ; 6 00 6 00 00 6 00 6.00 6.00 6.00 6.00 00 00 
Nozzle coefficient... . 995 995 0 995 0.995 0.995 0.995 0.995 995 
Nozzle-inlet temp, deg F. ow 50 3223 5 313.1 335.9 337.0 A 331.8 332.5 
AP nozzle, in. water 42.02 35.26 28 25 24.34 20 3.74 
Barometer, in. Hg.... 28 50 28 50 28 52 *28.52 52 28.52 28.52 
Air temp, suction, deg F 0 79.2 71.7 72.8 74.6 0 78.3 78.0 
Airtemp, 2nd stage (in), deg |! 2 148 4 138.5 154.2 155.1 1 165.2 ISS 4 
Air temp, 3rd stage (in), deg F 1 218.5 2061 227 6 230.2 fi MOOS 270.3 
Air temp, 4th stage (in), deg I ” 289 5 278 0 303.6 305.4 6 317.3 442.8 
Air temp, discharge, deg F. 6 350.5 335 7 {70.3 0 384.0 109 3 
Pressure, suction, in. Hg 13.07 14.66, 6 02 294 07 i S4 4.75 
Pressure, 2nd stage (in), in. Hye 10 7.20 10.97 > 40 7.42 87 3.42 2.75 
Pressure, 3rd stage (in), in. He 640 12.92 1906 | 12 80 11.12 
Pressure, 4th stage (in), in. Hy 120 6.49 1 16 24.99 32.53 23.30 20.54 
Pressure, discharge, in. Hg 19 67 14.72 687 3830 45 34.95 30°79 
1.527 525 1.515 1.533 1 545 1.520 1 4520 
Rpm, N “440 9450 “00 9400 43900 93206 450 “470 
Inlet-air flow, efm Q.. SISO 400 1450 2305 1555 
N inlet 0 656 0.728 0 861 O.575 0 390 73 0 248 0 164 

TABLE TEST DATA, HIGH-CAPACITY COMPRESSOR, COOLED 

Run Run Run Run - Run Run Run Run Run Run Run Run 

Calculations « 122-1 122-2 122-8 122-4 122-5 22-6 122-7 122-8 122-9 122-10 122-11 122-12 
Nozzle diameter, in 6.00 6.00 6.00 00 6.00 6.00 6.00 6.00 6.00 6 00 6.00 6.00 
Nozzle coefficient 0.995 0.995 0.995 995 0.905 0.995 0.995 0.905 0.995 0.995 0.905 0 995 
Nozzle-inlet temp, deg F 260.0 257.6 255.6 263.8 260.0 258.5 257.0 257.8 245.0 244.0 44.0 227.0 
AP nozzle, in. water. 27.51 31.38 26 48 2644 21.16 33.29 32.10 32.21 12.06 951 5 
Barometer, in. Hg... 28.45 28 28 48 28 44 28 $2 28.55 28.55 28.55 28.58 28.59 28 59 
Air temp, suction, deg F 76.4 76.1 765 767 72.9 72.5 69.8 60 6 71.3 73.3 73.5 
Air “5 2nd stage (in), 

deg és ‘ 140.4 140.3 146 6 149.4 131.6 134.2 133 8 143.3 148 4 151.1 152.3 
Air 3rd stage (in), 

192.2 192.0 194.2 108 6 202.3 182.8 187 195.3 19401 19608 195.5 
Air temp, 4th stage (in), 

deg F.. 232.9 230.7 234.0 240.3 241.0 227 .0 227.6 228.1 227.1 228 6 231.7 223 .2 
Air temp, discharge, deg F. 279.2 274.2 274 285.2 82.7 274.8 273.4 274.3 268 6 268 6 70 8 258.5 
Pressure, suction,in. Hg... 11.60 8.70 4.24 8.10 4.21 14.22 12.18 12.15 5.30 5.18 4.08 +. 32 
Pressure, 2nd stage (in), in. 

Hg 6.72 3.63 44 0.78 5.57 0 62 6438 6.21 3.98 3.47 3.66 2.29 
Pressure, 3rd stage (in), in 

Hg... 0.22 5.32 14.86 32 16.94 3.67 O52 0 64 14.63 13.64 13 86 11.20 
Pressure, 4th stage (in), in. . 

8.73 15.03 27 60 19.43 40.97 3.12 9.13 27.50 25.91 26 28 22.01 
Pressure discharge, in. Hg 18.76 26.35 412.28 32.67 47.43 10. 96 18 SO 19.25 43.26 40.90 41.29 35.10 
lime 14,400 blower rev, - 

min.. 1.538 1 568 1.590 1.535 1.536 1 531 1.552 1 549 1 530 1.517 1.500 1 532 
Water flow, top, min / 200 

0 620 0.642 0.67 0.571 0.373 0.572 0. 568 0.577 0.467 O.475 0 480 0 440 
Water ‘flow, ‘bot, min / 200 

Ib 0.07 0.653 0 72S 0.608 0.017 0 612 0.653 0 632 0.506 0.510 0.530 0.474 
Water temp (in), deg 71.4 71.6 71.6 71.8 71 6 71.2 70.95 685 68 45 68 3 68.2 
Water temp (out) top, deg 

78 6 78°.8 so 5 TRS 79.4 77.1 77.1 77.2 744 74.2 72.95 
Water te mp (out) bot, deg . 

79.1 79.4 81.0 79.5 80.0 77.65 77.65 77.7 74.9 74.6 74.8 73.5 
Rpm, N “370 9190 9088 9380 9380 9400 9270 9300 9360 9500 9600 9400 
Inlet-air flow, ‘cfm, 6250 5660 4200 5020 3730 7060 OS1L5 3330 2970 2620 1us2 
0.667 0.616 0 4705 0.585 0.398 0.847 0 736 0.733 0.356 0.3125 0.273 211 
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TABLE 4(a) TEST DATA, LOW-C 


for the low-capacity compressor. These corrected curves were 
used in subsequent analysis, 

In Figs. 7 and 8 are shown the measured temperatures in each 
machine and those c:ileulated on the basis of the method described 
in the previous section. The specific heat of air at constant pres- 
sure and the thermal conductivity of cast iron were treated as 
constants with values of 0.24 Btu/(Ib) (deg F) and 27.0 Btu/(hr) 
(sq ft) (deg F/ft), respectively. The water temperature of any 
one diaphragm was considered constant and, for purposes of de- 


‘ 


termining wall temperature, all diaphragms in one compressor 
were assumed to cause equal temperature rise of cooling water. 
The agreement between observed and calculated temperature 
was considered satisfactory for general engineering use. At the 
lowest Q/N-values shown in Figs. 7 and 8, the machines were 
either in or close to surge. Under these conditions the as- 
sumption implicit in Equation [2] could hardly be expected to hold. 
The results indicate.that average gas-film coefficients in centrif- 
ugal compressors are quite high, varying in our tests from 54 to 
180 Btu/(hr) (sq ft) (deg F) for the diffuser and 24 to 36 for the 
return channel. These values apply of course to the low absolute 
pressures of the tests. 

For a machine of the same type, compressing from atmosphere 
to 100 psia, diffuser average film coefficients as high as 300 will be 
A test was actually made on a water-cooled two-casing 
Only one load condition was 


obtained. 
machine compressing to 100 psia. 
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APACITY COMPRESSOR, UNCOOLED 


Run Run Run Run Run Run Run Run Run Run Run Run 
Calculations 120-1 120-2 120-3 120-4 120-5 120-6 121-1 121-2 4121-3 121-4 121-5 . 121-6 
Nozzle diameter, in. 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 
Nozzle coefficient 0.990 0.990 0.990 0.990 0.990 0.990 0.990 0.990 0.990. 0.990 0.990 0.990 
Nozzle-inlet temp., deg 
261.7 310.1 339.4 292.4 348.3 273.5 335.9 337.2 336.2 333.5 338.8 348.6 
AP nozzle, in. water 35.69 .21.43 12.58 27.17 3.69 31.68 4.00 5.96 8.22 10.70 1.77 2.04 
Barometer, in. Hg 28.63 28.62 28.60 28. 60 28 61 28 62 28.59 28 59 28.59 28.59 28.59 28.59 4 
Airtempsuction,degF 76.9 80.0 80.2 80.2 78.5 74.2 76.8 78.5 76.2 75.0 76.6 86.8 
Air temp, 2nd stage (in), 
deg F 131.2 145.8 158.7 140.5 171.9 133.8 164.0 159.2 154.7 151.1 177.2 189 
Air temp, 3rd stage (in) , 
deg F 176.7 204.4 229.1 192.3 252.7 183.2 240.9 - 231.5 228 223.8 259.8 276.4 
Air temp, 4th stage (in), 
deg F .. 225.8 270.5 = 303.7 252.8 334.8 238.3 318.3 308.8 304.8 298.1 338.9 359.4 
Air temp, discharge, 
deg F 269.8 326.5 362.6 304.1 394.2 283.0 376.7 368.3 363.2 357.0 394.6 407 
‘Pressure, suction, in. 
4.94 4.94 4.72 5.11 >. 01 6.86 6.98 7.18 6.93 6.20 0.89 
Pressure, 2nd stage (in), Ps 
in. Hg 0.92 3.27 4.90 2.08 3.83 1.59 1.06 0.99 1.20 1.62 1.58 8.45 
Pressure, 3rd stage (in) 
in. He 7.44 13.13 16.27 10.50 13.93 9.14 10.24 10.32 11.10 11.88 10.85 19.62 
Pressure, 4th stage (in), 
in. Hg 14.82 25.12 30.25 20.49 25.81 18.01 21.37 21.42 23.16 24.31 21.60 31.82 
Pressure, discharge, in. 
22.21 38.42 45.39 31.73 38.78 27.81 33.67 33.97 36.50 38.13 33.20 45.45 
Time 17,500 blower 
rev, min 1.847 1.832 1.799 1.841 751 1.855 1.764 1.782 1.7 811 1.747 1.749 
Rpm, V 0480 9550 9740 9500 10000 9440 9910 9820 9800 9660 10020 10000 
Inlet-air flow, cfm, Q.. 3480 2622 1955 3010 1054 3245 1207 188 1760 1980 °* 784 685 
Q N, inlet 0.275 0 203 0.317 0.105 0.344 0.1218 0.1515 0.1795 0.205 0.0784 0.0685 
PABLE 4(6) TEST DATA, LOW-CAPACITY COMPRESSOR, COOLED 
Run Run Run Run Run Run Run Run Run Run Run 
Calculations 118-1 118-2 118-3 118-4 118-5 118-6 119-1 119-2 119-3 119-4 119-5 
Nozzle diameter, in 5.00 >. 00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 
Nozzle coefficient 0.990 0.990 0.990 0.990 0.990 0.990 0.990 0.990 0.990 0.990 0.990 
Nozzle-inlet temp, deg F . 209.5 219.5 220.0 216.5 203 210.1 201.9 208 4 °216.5 195.4 194.6 
AP nozzle, in. water 31.44 18.45 11.32 25.11 4.32 28.62 3.73 6.30 8.59 1.51 1.82 
Barometer, in. Hg 28.63 28.62 28.63 28.63 28. 63 28.63 28.63 28 63 28 63 28 64 28 64 
Air temp suction, deg F 71.4 69.8 68.8 68.1 70.4 67.7 72.3 75.4 74.7 768 76 6 
Air temp, 2nd stage (in), deg F 121.2 128.5 133.7 123 6 137.0 119.8 139.6 139.8 141.3 145.4 148.1 
Air temp, 3rd stage (in), deg 151.9 165.2 171.7 157.6 169.0 151.5 169.7 169.3 174.8 170.6 174.3 
Air temp, 4th stage (in), deg F 182.4 196.8 202.2 190.3 190.0 183.3 190.2 193.9 202.6 184.6 187.6 
Air temp, discharge, deg 215.0 229.5 230.5 224.4 218.6 216.7 217.4 222.1 229 .2 211.7 214.2 
Pressure, suction,in. Hg 4.98 4.92 5.93 4.90 4.30 4.76 6.99 6.82 6.83 6.88 4.09 
Pressure, 2nd stage (in), in. Hg 1.26 3.39 3.39 °2.50 4.73 1.96 0.99 1.34 1.80 0.88 4.63 
Pressure, 3rd stage (in), in. Hx. 8.73 13.97 15.00 11.68 16.29 10.17 11.33" 11.56 12.72 11.27 16.13 
Pressure, 4th stage (in), in. Hg. 17.99 27.81 30.41 23.44 31.11 20.42 24.60 24.80 27.15 24.66 30.94 
Pressure, discharge, in. Hg 29.23 44.38 48.27 37.80 48.96 32.87 40.80 41.34 . 44.17 40 66 48.78 
Time 17,500 blower rev, min - 1.856 1.8405 1.812 1.851 1.764 1.872 ..758 * 4.373 1.790 1.739 1.756 
Water flow, top, min/200 |b 0.602 0.620 0.610 0.614 0.641 0.671 0.920 0.875 0.873 0.924 1.00 
Water flow, bot, min/200Ib.. . 0.607 0.600 0.610 0.622 0.695 0.685 0.940 0.895 0.890 0.954 1. 026° 
Water temp (in), deg F 71.4 71.4 71.35 71.3 70.95 70.55 67.8 68.0 68.1 68.1 68.2 
Water temp (out) (top), deg F 76.05 76.9 77.8 76.45 76.75 75.75 75.6 75.75 76.55 75.35 76.9 
Watertemp (out (bot), deg F. 76.05 76.9 77.1 76.45 76.75 75.75 75.7 75.75 76.65 5.45 77.0 
Rpm, NV ; : ; 9430 9510 9660 9450 9910 9340 9980 9860 9770 10070 9960 
Inlet-air flow, cfm, Q.. 3360 2540 2073 2956 214 3155 1344 1647 906 819 704 : 
Q/N, inlet pcdasantmneWes 0.356 0. 267 0.2147 0.3125 0.1224 0.338 0.135 0.167 0.195 0.0814 0.0796 


run, however, bit the calculated terminal temperatures checked 
the observed within the limits of experimental error, 


PREDICTED PERFORMANCE OF COOLED MACHINES 


The calculation procedure previously. outlined was used to 
: centrifugal compressor de- 
signed to compress 7500 cfm air at 68 F and 14.7 psia to 114.7 psia 


with cooling water at 75 F. 


study five cooling artangements for ¢ 


The compressor size and operating 
conditions were so selected because of general interest in utility 
air for large process or manufacturing plants. The five cooling 
arrangements considered were: (1) two four-stage cases with an in- 
tercooler, no diaphragm cooling, (2) two four-stage cases with an 
intercooler and cooled iron diaphragms, (3) one eight-stage 
compressor with cooled iron diaphragms, (4) one eight-stage com- 
pressor with’ cooled high conductivity (K = 154) bronze dia- 
phragms,® - and with 
diaphragms of infinite conductivity. The intercooler pressure 


(5) one eight-stage compressor cooled 
drop, including that for interconnecting piping, was taken as 2 
psi at full load, and air cooling to 100 F was assumed. 

‘The characteristic curves in, Fig. 9 were used, taking Q/N for 
each stage as 100 per cent for compressor operation at rated load, 
7500 inlet cfm. Each arrangement was calculated on this basis 
for performance at 3750, 5000, 6250, and 7500 efm inlet flow. 

® Material specifications supplied by P. R. Mallory and Company. 
Inc., Indianapolis, Ind. 
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At part loads the Q/.N-value for any stage differs from its value 
at rated load, and the ratio of the two multiplied by 100 is the 
“per cent Q/.N" used as abscissa in Fig. 9. 

It should be noted that Fig. 9 does not give maximum values 


for the type of compressor here ‘described, and probably not 
average values. They are reasonable values, not uncommon in 
industrial practice, and were considered satisfactory for the pur- 
pose of this study. 

The cooling-water flow was held constant for all loads. For the 
two cooled four-stage cases, a flow of 80 gpm parallel to the air 
flow was used for each case. For the eight-stage cases 80 gpm 
flowed through the first four diaphragms parallel to the air flow, 


LOW PRESSURE MACHINE: 
Z AIR TEMPERATURES IN 
/ COMPRESSOR 


TEMPERATURE , *F 


o—eo OBSERV 
CALCULATED 


3 
2 3 4 
STAGE NUMBER (VALUES OF ORDINATE AT STAGE DISCHARGE) 


hic. 7 Hicu-Capaciry Compressor Arr-Temeperature Corre.a- 
TIONS 


| 
PRESSURE MACHINE 
TEMPERATURES IN 
COMPRESSOR 


TEMPERATURE 


NOMINAL Q/N 
OBSERVED 


CALCULATED 
¢ 

3 
2 


3 4 


' 2 3 4 
STAGE NUMBER (VALUES OF ORDINATE AT STAGE DISCHARGE) 


Low-Capactry Compressor Arr-Temper ature CoRRELA- 
TIONS 


= 


PRESSURE COEFFICIENT 
HYDRAULIC EFFICIENCY, 


a 
TERISTIC CURVES 
USED FOR IMPELLERS 
COOLING STUDY 


o 
4 60 90 100 no 
PERCENT %W 


CHARAcTERISTIC CURVES OF COMPRESSOR STAGES IN CooL- 
ING STUDY 
and another 80 gpm flowed through the last three diaphragms 
counter to the air flow. 
The interstage operating temperatures calculated for the maxi- 
mum and minimum inlet volumes are plotted in Fig. 10, and the 
over-all adiabatic and isothermal efficiencies and speeds for the 


complete range of inlet volumes in Fig. 11 
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Two uncooled four-stage cases and intercooler. 
é : Two four-stage cases with cooled cast-iron diaphragms and 
intercooler. 
- One eight-stage case with cooled cast-iron diaphragms 
One eight-stage case with cooled, high-conductivity bronze 
diaphragms. 
One eight-stage case with cooled diaphragms of infinite-con- 
ductivity material. 


hig. 10° Operatinc Temperature With Various CooLinc Ar- 
RANGEMENTS 
Three important conclusions may be noted Trom Fig. 10, as 


follows: 


. 1 The air discharge temperature of the water-cooled machine 
with high-conductivity bronze diaphragms is approximately that 
+ of the uncooled machine with two casings dnd intercooling. 

2 The air temperature in a diaphragm-cooled machine ap- 
pears to reach a maximum and then decrease in further com- 
pression stages. A study of the heat-transfer mechanism will 
confirm the existence of this maximum. Furthermore, the maxi- 

s mum temperature with high-conductivity bronze is in the neigh- 
borhood of 400 F, which is weil.within the range of existing gas 


sures reasonable adiabatic efficiencies, even at high compression 
ratios. 
3 At half capacity, the air temperature in the diaphragm- 
cooled machines is actually lower than at full load, while the tem- 
perature in intercooled machines has risen. Relatively better 
part-load performance of diaphragm-cooled machines, there- 
fore, may be anticipated. This is a consequence of the high 
velocity maintained in the diffuser at light loads, which 
maintains high heat-transfer rates, and thus tends to counter- 
act the effect of lower hydraulic efficiency. 

Fig. 11 will verify the relatively better part- deni performance 
of diaphragm-cooled machines. Other conclusions which may 
be drawn from Fig. 11 are as follows: 


1 Whe diaphragm-cooled machine (using high-conductivity 
bronze) has an adiabatic efficiency about 3 percentage points 
lower than the standard arrangement of two uncooled cases with 


intercooler, 
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operating temperatures in centrifugal compressors. It also in- 
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2 The use of high-conductivity bronze is probably justified, 
although not much can be gained by using a still higher-conduc- 
tivity material. This conclusion is of course limited to the spe- 
cific process application and to the geometry of the diaphragm. 

3 If high efficiency is desired, diaphragm cooling will be a 
considerable aid to the intercooler in raising efficiency. 


The relative desirability of each type of cooling is clearly a 
complex problem, involving such factors as space requirements, 
initial cost, maintenance, cost Of power, availability and quality 
of cooling water, properties of the gas, and the gas process. 
From a study of a number of industrial applications it appears 
that diaphragm cooling should be considered seriously. 


CONCLUSION 


To many manufacturers and users, perhaps the most important 
conclusion to, be reached from the findings of this investigation is 
that internal cooling makes possible low-cost, compact, multistage 
centrifugals for compression to relatively high pressures. In the 
past it has been general practice to supply air-compressor cases 
of only four or five stages, since more stages in a case would 
involve gas.temperatures too high for economical compression. 
Thus the average 100-psig air compressor consists of two cases 
plus intercooler. Based on the study here presented, this ar- 
rangement can, with only a small loss in operating efficiency, be 
reduced to a compact single case containing all the stages without 
any external cooling. 
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The Hydrodynamic Lubrication of Cyclically 


| Loaded Bearings 


By E. M. SIMONS,'! COLUMBUS, OHIO 


The results of an experimental investigation of lubricat- 
ing-film thicknesses in a journal bearing subjected to 
various loading conditions are presented and compared 
with theoretical predictions. General agreement with the 
theory has been found, except in the important cases of 
rotating and sinusoidally alternating loads applied at one 
half the frequency of shaft rotation. Here, instead of the 
theoretical eccentricity ratio of unity, finite film thick- 
nesses have been observed. Free.whirling in an unloaded 
bearing has been found to occur at slightly less than one 
half the shaft speed. High steady loads, high shaft speeds, 
and low lubricant viscosities have been found to inhibit 
journal whirl. The dependence of eccentricity ratio upon 
the extent of film rupture has been demonstrated for 


steady loads. 


NOMENCLATURE 
The following nomenclivture is used in the paper: 


r= 


radius of journal or bearing 


axial width of bearing 
c= 
bearing and journal 
distance between center of Journal and center 
vf bearing, called eccentricity 
n = ¢, called eccentricity ratio 


absolute viscosity of lubricant 


average rotationnl frequency of journal in 
revolutions per unit time 
= average frequency of rotation or oscillation of 
load, in revolutions or cyeles per unit time 
\, = mean frequency of rotation of journal center in 
; its orbit, revolutions per unit time : 
fF = “external load applied to bearing 
<= - load per unit projected area of bearing 
fru 
un 
( ) = dimensionless parameter, often called Sommer- 


feld variable or Sommerfeld number 

Lineof centers = line determined by center of journal and center 
of bearing 

= 1: this is a 


Clearance circle = Jocus of journal center for 


circle whose radius is ¢ 
INTRODUCTION 


Sleeve bearings subjeéted to rotating or fluctuating loads are 
commonly" encountered in practice. Although a number of 
theoretical studies (1, 2, 3, 4, 5, 6, 7)? of the behavior of such 


4 Battelle Memorial Institute. Mem. ASME. 

? Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Contributed by the Special Research Committee on Lubrication 
and the Petroleum Division and presented at the Annual Meeting, 
New York, N. Y., November 27. December 2, 1949, of THe AMERICAN 
Society oF MecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual! expressions of their authors and not those of 


the Society. Paper No. 49 A-41. > 


radial clearance, or difference between radii of 


bearings have been published, little experimental work has been 
reported to prove or disprove the conclusions of these studies. 
Analytical treatments of even the simplest cases of cyclic loading 
require a number of questionable assumptions in order to reduce 
the mathematical complexity. Such studies indicate that there 
are certain speed and load conditions under which it is impossible 
for hydrodynamic lubrication to exist. 

To check the validity of the mathematical investigations and to 
extend the knowledge of the effect of loading conditions on hydro- 
dynamic lubrication, the National Advisory Committee for Aero- 
nautics authorized an experimental study of the subject 
Battelle Memorial Institute 

The plan of this investigation was to construct a testing ma- 


at 


chine in which constant or varying unidirectional, or constant 
rotating loads could be applied, singly or together, to a precision 
The effect of the load diagram on hydrodynamic 
lubrication could be determined from the motions of the journal! 
in the bearing. 

Initially, simple loading conditions were studied, and then 
successively more complicated ones as the simpler conditions were 


test bearing. 


understood. The loading conditions which are of interest are as 


follows: 


Unloaded. 


‘ 


2 Constant unidirectional loads, 


Unidirectional loads, varying in magnitude. 


l 

3 Constant rotating loads. 

4 

5 Combinations of the foregoing. 


Current work is aimed 
toward determining the sources of the discrepancies between 


This study is by no means completed. 


theory and experiment and finding what modifications are re- 
quired in the theory to bring the two into agreement. 


APPARATUS 


Spindle and Bearings. The testing machine designed and con- 


structed for this study is presented in Fig. 1. The machine_em- 
ploys a ring-lapped 4-in-diam spindle mounted in a support bear- 
ing (left), and a test bearing (right), both of which are precision- 
bored by a technique developed at Battelle (8). 

The support bearing is a nonwhirling pivoted-pad type (4), 
consisting of four steel-backed babbitt shoes, bored to provide 
0.002-in. diametral clearance. The relatively large spindle length 
(28 in.), and the high stability of the support bearing make it 
possible to measure journal motions in the test bearing with a 
minimum contribution by motions excited in the support bearing. 

The test bearing consists of a silver-plated steel shell pressed 
The 


2-in, test 


into the cast-iron housing and finish-bored in position, 
diametral clearance is 0.004 in. The bearing has a 
length between two circumferential oil grooves and a !/4y-in. seal- 
ing section beyond each groove. Since the stiff pivoted-pad sup- 
port bearing holds the shaft center line essentially fixed at one end 
of the shaft, the test bearing was bored tapered in order to keep 
the shaft surface approximately parallel to the test bearing along 
the line of nearest approach. The taper was made linear, the end 
farthest from the support bearing being 0.0003 in. larger in 
diameter. 


Loading Systems. Loads are applied, by means of calibrated 
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compression springs, through two pressure-lubricated babbitt 
loading bearings, one for unidirectional loads and the other for 
The loading mechanisms are visible at the right of 
the test-bearing housing in Fig. 1. The small spring seen at the 


rotating loads. 


Fic. 1 M 


LUBRICAT 
SLEEVE Brarincs Unper Various Loaping CoNnbITIONS 


DYNAMICALLY 


top removes the weight of the shaft from the test bearing, ena-* 


bling true no-load tests to be run. Sinusoidally alternating loads 
are applied by an adjustable cam which cyclically compresses the 
loading spring. Rotating loads are applied through a bell crank, 
one arm of which is attached to the loading bearing and the other 
to the loading spring. The bell crank pivots on a pin through the 
rotating-load jackshaft: 
follows: 


The ranges of loads attainable are as 


Steady vertical load 
Sinusoidally varying vertical load 
Constant rotating load 


0 to 500 Ib (62'/2 psi) 
+0 to +250 lb psi) 
0 to 500 Ib (62!/2 psi 


Drive Arrangement. A 3:hp, 1740-rpm motor drives a jack- 
shaft, through a Toledo Timer speed changer, with V-belts. The 
jackshaft is coupled to the independently mounted test spindle by 
a Lord bonded-rubber coupling to minimize the transmission of 
vibration. Spindle speeds of 25 to 2500 rpm can be obtained. 

The camshaft is driven through change gears from the spindle, 


with the following ratios -of spindle speed to camshaft speed’ 


available: 10:1, 6:1, 4:1, 2.80:1, 2.43:1, 2.11:1, 2.06.1, 2:1, 
1.95:1, 1.89:1, 1.65:1, 1.43:1, 1:1, 0;67:1, 0.40:1. The fly- 
wheel on the camshaft tends to maintain uniform spindlé speed 
during alternating-load tests. 

The rotating-load jacksha/t is driven through a gear-and-chain 
arrangement from the camshaft, and may be driven in either 
direction with respect to the spindle rotation.* 

Lubrication. All journal bearings are pressure-fed by a 12- 
gpm, 100-psi pump with by-pass pressure control. The two cir- 
cumferential oil grooves in the test bearing have. separate feed 
lines with independent control valves and gages. This arrange- 
ment provides good control of lubricant flow through the test 
bearing, while maintaining positive pressures at the ends. The 
lubricant is continuously filtered by micronic filters, and is main- 
tuined near room temperature by cooling coils in the sump. An 
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oil reservoir is provided above the test bearing to permit opera- 

tion with flood lubrication, if desired. ; 
Radio-Frequency Micrometer. The instrument used to reveal 

the effectiveness of hydrodynamic lubrication is a specially built 


‘radio-frequeney micrometer, the components of which are visible 


in Fig. 1. 
shelf at the upper left, the cathode-ray oscillograph to the right of 
the receiver, and the two probes, one of which is hidden from view, 


These consist of the receiver and power supply on the 


fastened to the left face of the test-bearing housing at an. angle of 
45 deg with the horizontal. 

A description of the electrical circuits and the Operation of the 
micrometer published (10). Briefly, minute 
placements of the spindle are measured as a function of changes in 


has been dis- 

electrical capacitance between the spindle and the micrometer 
robes. This capacitance is made part of the resonant circuit of a 
gh-frequency radio oscillator, and variations cause sufficient 
anges in oscillator frequency to be readily; measured by tech- 
ques developed for frequency-modulation broadcasting. 


JOURNAL WHIRL 


‘Types of Whirl. In general, the ‘motion of a journal in‘a sleeve 
‘aring is composed of two parts, i.e., a pure rotation about its 
vn axis, and a combined rotation and translation of: this axis 
ith respect to the axis of the’ bearing. This latter motion is 
iown as “whirling.”’ Whirling may be self-excited, as in the case 
oil whip, discussed by Newkirk, Taylor, and Grobel (11, 12), or 
may be induced by external dynamic loads. It can be stable, 
ith the journal center moving in a closed orbit with regular 
riodicity, or it may be transient. 

In certain machines, such as high-speed turbine compressors. 
and steam turbines, serious, vibration difficulties have been 
traced to journal whirl in sleeve-type bearings. This is par- 
ticularly true where centrifugal forces resulting from journal 
eccentricity are large. 
other applications. 


Whirling could be troublesome in many 
For example, in machine-tool spindles, shaft 
whirl causes inaccuracies in machining and undesirable surface 
roughness. Whirling in sleeve-type propeller-shaft bearings, such 
as aircraft and marine shaft bearings, could easily contribute to 
fatigue-induced failures. 

Frequency of No-Load Whirling. Robertson (2) has demon- 
strated mathematically that, neglecting oil-drag forces, ‘the re- 
sultant oil-pressure force caused by journal rotation in ar ideal 
bearing is at right angles to the line of centers and produces 
stable whirling at one half the rotational frequency of the journal. 
Swift (3) has shown analytically that an unloaded ideal bearing 
whirls in a circular orbit at any eccentricity whatsoever, with an 
angular velocity of exactly half of the journal speed. ; 

To check these conclusions, precise measurements were made 
of the frequency of no-load transient whirling just after the 
journal had come up to speed from a standstill. It was necessary 
to use starting transients for these tests because sustained no-load 
whirling could not be obtained in-the test bearing, regardless of 
the combination of speed, lubricant viscosity, and feed pressure 
employed. It was found that the natural whirl during no-load 
starting occurred at slightly less than one haif the shaft speed, as 
seen in Table 1. 


TABLE 1 FREQUENCY OF NO-LOAD SHAFT WHIRL, -WITU 


SAE 10 OIL 
Spindle speed, 


Ne/ Nj, Ne/Nij, 
flood lubrication 50 psig feed pressure 


Nj, rpm 
154 0.4980 0.4971 
380 0.4968 


These observations agree with the conclusions of Hagg (9), who 
states that one half the rotational frequency is the upper limit of 
whirling frequency for an unloaded ideal bearing, but that, ‘in 
reality, this upper limit is reduced because of fluid friction and 
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bearing leakage.”” However, Taylor (13), in discussing Hagg’s 
paper, points out that this was usually, but not always, the case in 
his own experiments, where frequency ratios as high as 0.6 were 
observed. In any case, it is difficult to see how fluid friction and 
side leakage alter the simple theory which demonstrates that an 
unloaded journal should whirl at one half the shaft speed. 
Factors Influencing Shaft Whirl. Swift's, work (3) would indi- 
cate that, in general, the journal center would not be stationary 
under no load, nor eyen under a constant load. On the contrary, 
the experiments have shown that in the absence of external 
periodic “excitation, the ultimate equilibrium position of the 
journal center was always-a stationary spot. For example, Fig. 2 
shows that when the shaft was started from rest under no load, it 
moved in a spiral path which invariably ended in a steady position 
at the center of the bearing. However, the conditions of the par- 
ticular test determined how quickly this equilibriuim position was 
reached, Similarly, when the shaft was started from rest under « 
steady unidirectional load, the transient motion of the journal 
center never failed to die out at some fixed eccentricity ratio. 
Obviously, the physical characteristies of the test setup were 
such that sufficient damping forces were present, over a wide 
range of operating variables, to prevent the journal center from 
moving continually in an orbit. Such damping forces are gen- 
erally not considered in the theory. Experimentally, it was found 
that the.most rapid damping of journal whirl was obtained with 
high steady loads, high shaft speeds, high lubricant feed pressures, 
or low-viscosity lubricants. The damping effect of higher libri- 
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Fic. 2) Trawsient Motions or Journat Center During No- 
Loap Srartine, Using Kerosene at 80 F as Lusricant 


(a = 1.52 centipoises.) 


cant pressure on whirling can be seen by comparing (a) and (b) in 
Fig. 2; the damping effect of high speed is strikingly shown by 
comparison of (b) with (c¢); while the steadyving influence of low 
viscosity is evident from the fact that it always'took much longer 
to reach equilibrium when higher-viscosity lubricants were used at 
the same speed and lubricant feed-pressure. : 


UNIDIRECTIONAL STEADY Loaps 


Starting and Stopping Under Steady Load. Fig. 3 shows the 
motion of the spindle center when started from rest under an up- 
ward load of 50 psi. It is commonly thought that, upon starting 
from rest, the shaft crawls along the bearing wall in a direction 
opposite to that shown, until solid friction is reduced sufficiently 
by the formation of an oil film for hydrodynamic forces to take 
over. This effect was not observable in Fig. 3, indicating that a 
load-carrying oil film was generated much more rapidly than is 
usually assumed and that the rolling motion, if present at all, was 
too small to be detected in the photograph. 
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hic. 3) Motion oF Journat Center WHEN 
From Rest Unper 50-Psi Loap 


Starting ‘at the top of the clearance space, the shaft movement 
appeared to be first to the left and then downward as it came up 
to speed and the load-carrying capacity of the bearing increased. 
It then moved toward the center of the clearance cirele, finally 
stabilizing at an eccentricity ratio of 0.27, which agrees with the 
theoretical predictions of Muskat and Morgan (14). 

The absence of full spiraling motions like those obtained with 
no-load starting is apparent. Indeed, it has been found that free 
whirling of the journal is strongly damped by the applieation of an 
external load. 

When the shaft was stopped under 50-psi upward load, its 
center retraced exactly the path in Fig. 3, moving to the left and 
then upward as the rotational motion slowed down and the load- 
carrying capacity of the oil film decreased. 

Oil-Film Tension. In a flooded full journal bearing, the 
theoretical pressure distribution over the semievlinder on one 
side of the line of centers is the exact negative reflection of that on 
the semicylinder on the other side of the line of centers. This 
condition implies that the integrated pressure-area product in the 
film can have no component along the line of centers, so that the 
displacement of the journal in the bearing must be normal to 
the direction of load application. It also indicates that when a 
flooded full journal bearing is operated with an unbroken oil 
film, one half the external load is supported by hydrodynamic 
pressures above atmospheric on the loaded side, and the other half 
by equal pressures below atmospheric on the unloaded side. For 
example, if the external load is 10 psi, the average negative pres- 
sure on the unloaded side will be 5 psi, and the peak negative 
pressure may be in the vicinity of 3 times the average, say, 15 psi. 

If this peak negative pressure exceeded 1 atm, the oil film would 
rupture in the region of theoretical pressures below absolute zero, 
unless the film were ‘capable of carrying a tensile load. In the 
latter case, the rupture would oecur when the negative pressures 
exceeded the tensile strength of the oil film. Any such break in 
the film will require that the journal move in the direction of load- 
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ing and generally result in higher ‘eccentricities than those pre- 
dicted by hydrodynamie theory for ideal bearings. This implies 
that a flooded bearing would operate with a continuous film only 
However, the application 
of feed pressures in the circumferential oil grooves of the test 


when the external loads were very low. 


bearing makes it possible to support higher loads without film 
rupture, 
stress in the oil film. : ; 


because the feed pressure helps to prevent a tensile 
Studies of the behavior of a unidirectionally loaded bearing were 


conducted by running the bearing at no load, and photographing 


_ the spindle motions as an upward load was applied gradually 


enough to maintain equilibrium at all times. Some views taken in 
In (a), 
normal to the direétion of loading), in accordance with 


At this 


this way are presented in Fig. 4. the shaft moved hori- 
zontally 


the theory, until the external load reached about 20 psi. 
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point the negative pressures became too great, the oil film rup- 
tured, and the shaft moved upward, in the direction of the load. 
\s the feed pressures were increased [(6) and (c)], the rupture 
occurred at higher and higher loads, until, at a feed pressure of 
about 15 psig, the film remained apparently intact under the total 
load of 50 psi [ef, Fig. 4(d)], and no upward motion of the shaft 
took place. The rupture occurs suddenly in some cases, as evi-. 
denced by a sharp break from horizontal to upward motion, such 
as in Fig. 4(a) and (ce). 

Rough calculations of the magnitude of the negative film pres- 
sures indicate that the oil film is withstanding a small tensile 
stress, from a few to 50 psi. 
stand tension under some circumstances afid conditions in a bear- 
ing appear to be favorable. 

Effect of Since the 
ferential pressure distribution in a full journal bearing has rather 
ative peaks, it would be expected that, with 


Film Rupture on Eccentricity. cireuni- 


sharp positive and neg 
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a gradual increase in load, incipient film rupture would occur in a 
highly localized region of peak negative pressure, spreading over a 
larger and larger fraction of the bearing area as the load was fur- 
ther increased. 
extent of such film rupture is demonstrated by the experimental 


The dependence’ of eccentricity ratio upon the 


results shown in Fig. 5 which is a plot of eccentricity ratio as a 


_funetion of Somme ‘rfeld number for steady, unidirectional load- 


“ing. 
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hic. Osserveo ano TueoreticaL Eccenrriciries or Test 


Bearing Unper Sreapy Loapine 


within experimental accuracy, 
from Muskat and Morgan ( 
drawn through the 
points showjng the greatest departure from the curve of Muskat 
and Morgan, represents the cases where the oil feed pressure was 


The lowest circled points agree, 
with the theoretical curve 1), based 


upon a continuous oil film. The upper curve, 


low (flood lubrication), and film rupture had occurred to the great- 
est extent. Between these two curves are eccentricities which re- 
sult from various degrees of film rupture, the points lying closest 
to the lower curve representing very small localizes! areas of rup- 
ture, and. those lying near the upper curve representing rupture 
This range of eccentricity ratios was 
produced, at a given Sommerfeld number, by varying the oil feed 
pressure in the circumferential grooves, as illustrated in Fig. 

The curve of Cameron and Wood (15).in Fig. 5 is based upon 
numerically calculated results for what is essentially a ruptured 
“film. The film is assumed to start at the large film-thickness end 
of the line of centers and extend to ‘a point beyond the minimum 


over more extensive areas. 


film-thiekness end where both the pressure and pressure gradient 
drop simultaneously to zero. The discrepancy between thie curve 
of Cameron and Wood and the experimental curve for the rup- 
tured film is very likely the result of this stringent seatrio tion upon 
the extent of rupture. 

Most theoretical treatments of journal bearings assume con- 
tinuity of the oil film around the bearing are. Fig. 5 demonstrates 
that these theories cannot be used to predict the behavior of bear- 
ings in practice unless the application involves high enough 
lubricant feed pressures or low ehough external loads to preclude 
rupture at any point in the oil film. 

Constant Loap RoratinG at SPEED 

Fig. 6 shows the eccentricities resulting from the application of. 
For all ratios of 
NV ,./N; greater than about 0.25, the orbits were circular, and the 
ecce ntrie ity ratio was taken as the ratio of the radius of the orbit 
to the radius of the clearante circle. However, when N,/N; was 
0.25 or less, the orbits were stable and closed in one cycle of load 
applic ation, but they were not circular. 
mum value of eccentric ity ratio was plotted in Fig. 6. 


a 7.8-psi load rotating at various frequencies. 


‘In such cases, the maxi- 
This ex- 


* plains why the points at V,/N, = 0.25 and 0.167 fall above the 


curve drawn. 


N,,/N; = 0 represents a constant unidirectional load, and the 
- measured value of n here agrees with Muskat’s prediction (14) for 


As N,/N;is 


a flooded full journal bearing under these conditions. 
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6) or Rerative Frequency or Loap Appiication on Eccenrriciry Ratio ror Coxstanr Loap oF 7.8 Pst Rorating «tr 
: CONSTANT SPEED 
(S = 2.38; lubricant, kerosene. 


increased, 9 increases also, peaking sharply at N, N,; = 0.5. 
Further increase in N,,/N, is accompanied by a drop in 9, which 
has about the same value at V,/N; = 10asat NV,/N; = 0. This 
agrees with the findings of Burwell (17) and Underwood and Stone 
(16), viz., that’a bearing subjected to a constant rotating load 
applied at the frequency of shaft rotation has a load capacity (as 
defined by eccentricity) numerically the same as if the load were 
stationary, Frequency ritios greater than 1.0 yield eccentricities 
lower than those obtained by constant unidirectional loading. 

Robertson (2), Swift (3), Burwell (7), and others have demon- 
strated mathematically that when the load is rotating at one 
half the shaft speed, the bearing is unable to carry any load with 
an eecentricity.ratio other than unity. Before this conclusion 
could be drawn, however, the following assumptions had to’ be 
made: 


“Noend leaknuge. 
2 Continuous oil film a 


‘ound the bearing. 


3 No local ehanges in viscosity. 
| The oil has no inertia, 
5 Oil pressure is constant along a radius. 
6 The orbit is cireular and concentric with the cleargnee 
cirele (dyn/dt = 0) 
+ The angle between the line of centers and the load direetion 
is constant. If so, its value is 90 deg. - 


In all the experiments run with N,/ N, = 0.5, it was found that 
the eccentricity ratio was less than unity, decreasing slowly with 
decreasing load and decreasing rapidly with increasing speed. 
These effects are apparent in Fig. 7. Nevertheless, it is true that 
the eccentricity rises to a sharp peak when N,/N; = 0.5, Fig. 6, 
and that it is best to avoid such conditions in practice whenever 
possible. A knowledge of the factors which are favorable to the 
existence of an oil film under these conditions could provide 
valuable aid in the design of sleeve bearings for applications where 
cyclic load components at or near one half the frequency of shaft 


rotation are unavoidable, 

One possible explanation for the presence of a load-carrying oil 
film, in violation of theoretical predictions when N,/N, = 0.5, lies 
in the-disearding of higher-order terms in the development of the 
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hic. 7 Measurements vor Loap Rotatina at 
SHAFT SPEED 


Flood lubrication with straw paraflin oil.) 


theory (2). However, when this was investigated by substituting 
test conditions into the disearded terms, it was found that these 
terms were truly negligible, causing theoretical changes in ec- 
centricity which were considerably smaller than the error in ex- 
perimental measurements. 

Another likely source of the discrepancy was the possibility of a 
dynamic stiffening effect in the pivoted-pad support bearing, 
which might prevent the journal from attaining the maximum 
eecentricity in the test bearing. The stiffening effeet would have 
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to stem from dynamic 


forces, 


since it was possible to maintain 
contact between journal and bearing while rotating the load a full 
revolution slowly by hand., 
bearing hydrodynamic forces in stiffening, test-bearing motions 
were studied first with SAE 10 oil in the support bearing and then 
with kerosene in the support bearing, while maintaining constant 
conditions at the test bearing. The 
of the lubricant in 


To ascertain the role of support- 


tests showed that the viscosity 
the support bearing had no effect on the 
eccentricity in the test bearing. This and other considerations 
proved that support-bearing stiffness did not limit journal motions 
in the test bearing. 

A third explanation proposed for the nonunit eccentricity ratios 
obtained with N,/N; = 0.5 was that gyroscopic forces might 
oppose the hydrodynamic effects. 
tions showed that, because of the 


However, simple computa- 
low journal speeds used in the 
tests, gyroscopic forces were much too small to have any notice- 
able effect on eccentricity. 
Burwell has Suggested (17) that thermal expansiort of the 
the minimum-film-thickness region might give rise 


velopment. 


oil in 
to pressure de- 
and hence of local temperature rise, will vary along the. film in- 
being greatest at the 


versely as the film thickness, 
minimum ‘film thickness, 
the region of minimum film thickness, 
heated oil will be carried away. 
not been investigated as vet. 


and the subsequently 
This plausible explanation has 
In an effort to obtain some ¢lue from the appearance of the test 
bearing, the shaft was removed and the bearing studied. Burnish 
marks near both ends of the bearing Save strong indication that 
the shaft and bearing axes had somehow become misaligned, Very 
careful measurements revealed the fact that the axes diverged by 
0.0006 in. in the 3-in. housing length. This misalignment was re- 
duced to 0.00015 in. by straining the machine. bed with short 
lengths of are weld, which contracted the parent metal,’ causing 
the housings to move in the proper directions. 


Table 2 shows that this improvement in alignment resulted in aw 
closer approach to the theoretical eccentricity ratio of unity when 
V,/N; = 0.5, indicating that misalignment is probably a eon- 
tributing factor in the diserepaney between theory and experi- 
ments, . 
rABLE 2FFECT OF BEARING MISALIGNMENT ON ECCEN.- 


2 EFF 
TRICITY, WITH ROTATING LOAD AT ONE-HALF SHAFT SPEED 


Eccentricity ratios -— 
0.0006 in. 0.00015 in. 


Shaft speed, 


rpm misalignment misalignment 
150 0.72 0.83 
300 0.61 0.66 


Nore: Rotating load, 12.5 psi at one-half shaft speed; SAE 
lubrication. 


That misalignment might prevent a zero oil-film thickness hen 
V,/N; = 0.5 ean be seen from the qualitative discussion which 
follows. Assuming that center A, Fig. 8, whirls in a cireular orbit, 
B and C are forced to rotate in circular orbits also (since one end 
of the shaft is essentially fixed), but the centers of the latter orbits 
will be displaced, respectively, below and above the center line of 
Whirling of the shaft at every 
section except A will produce varying hydrodynamic forces Fy and 
equivalent 
rotating load, 


the bearing. This nonconcentric 

to external loads superimposed on the applied 
As will be discussed in a later section of this paper, 
— such combined loads may reduce the eecentricity below that which 
would result from applied at one half the 
Shaft speed. Furthermore, an increase in shaft speed would in- 
the 
Table 
is in progress, 


the rotating load alone, 


crease the hydrodynamic forces F, and F, and further reduce 
eccentricity. This agrees with the results in Fig. 7 
2.. Additional experimental effort 


and in 
along these lines 
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He points out that the local rate of heat production, - 


Hence cooler oil will be dragged into . 


10 oil, flood 


‘equilibrium, 


Fig. 8 .Errecr 


SINUSOIDAL ALTERN ATING 


Burwell (7) has exte 
tion to the general case 


ings to the solution of 


load with a journal rot 


or MISALIGNMENT ON SHArT Wuire 


Loap IN Vertican Direction 


snded the hydrodynamic theory of lubrica- 
» of a periodic load and has applied his find- 
the problem of 4 sinusoidal reciprocating 


ating at constant speed. Since no analyti- 


cal solution to his differential equations could be found, he carried 


out the solution by a 


trial-and-error methods to obtain closed-path 
application, 


cycle of load 
sinusoidal loading by : 
an ellipse and that the 
He 


wit 


ellipse was zero, 
along the other 


Burwell’s calculations 
for sinusoidal alternating loads. 
long axis was in the direction of loading when N,/N 
than 0.5, and that the long 


when NV, 
Thes 
experimental findings, 

Furthermore, as Bu 
complicated for values 
for N, N; = 0.25 did 


clearance circle. 


(a), but this discrepancy 


N, was less than 0.5. 


step-by-step numerical integration, using 
solutions in one 
Dick (4) studied the case of simple 
issuming that the 
hydrodynamic 


journal-center path was 
load along one axis of the 
then compared the hydrodynamic load 
h a sinusoidal load. 

produced orbits which resemble ellipses 
He and Dick both found that the 
WAS greater 
axis Was perpendicular to the 
At N,/N 


e shapes agree rather well, in general, 


load line 
j = 0.5, the orbit was the 
with 
48 May be seen from the examples in Fig. 9. 
rwell pointed out, the paths become more 
of N;,/N, less than about 0.25. His orbit 
nof exhibit the extra loop shown in Fig. 10 
can perhaps be attributed to the wide 


divergence between his value of Smin (0.0)) and that used in the 


experiment (2.38). 
double-loop pattern .ol 


Fig. 


10 (b) shows an interesting symmetric 


tained with N; = 


j The compli-_ 


cated gyrations of the shaft centér before finally settling down to 


an equilibrium orbit are 
2 Min after 


graphed 1! 
took an additional 1! 
in shape to Fig. 9 (a). 


» min to reach 


‘illustrated in Fig, 10 (¢), which was photo- 
the shaft had been started from rest. It 


an equilibrium orbit similar ° 


Most of the frequency ratios tested produced equilibrium orbits 


which closed in | cycle 


was .V) N,; = 0.7, 


between a larger and a 


in w 


center before 
ultimate equilibrium or 


duce equilibrium orbits which close in 1 evele 


result of external 
initial conditions 


damy 
eXis 
forced vibrations ofar 
motion contain terms ; 


upon the resonant frequency, 


after damping has eli 
There is a great deal o 
theory with experiment 

Since the orbits were 


of load application. The ex¢eption to this 
the path was an oscillating spiral 


smaller orbit. The time required to reach 


hich case 


the complex transient patterns traced by the shaft 
equilbrium was reached, 


and the character of the 
‘bit indieate that certain V,, NV; ratios pro- 
of loading only‘as a 
fact that particular 
The behavior js 
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Was possible to measure 4 maximum and « minimum eccentricity. 
Plots of these values for two different values of Smin are shown in 
Fig. 11. 

(N,/N, = 
was zero, to a maximum which corresponded to the peak load ap- 


plied continuously. As NV,/N; 


When the load was applied at very low frequency 


0), the ‘eecentricity varied from zero, when the load 


was increased, both mmax and 
nmin increased, nmin increasing faster than until N,/N, 
reached 0.5, at which point nmin = mmax. and the orbit was circular. 
Further increase in V,,/N ; resulted in « rapid drop in eccentricity, 
with max falling considerably below that for the constant uni- 
These 


observations correspond generally to the relative load-capacity 


directional load, at values of V,/N, above about 0.65. 


curves presented by Burwell (7) and Underwood and Stone (16) 
The outstanding discrepancy between the results of the experi- 
ments and the theoretical work was the fact that, just as with a 
rotating load, the observed eccentricity ratios were not unity for 
; = 0.5. A careful study was made of 
the effects of the various operating variables on eccentricity under 


sinusoidal loading at V,,/N 
this condition of loading. It was soon discovered that, above a 
certain very light load, the magnitude of the load had little in- 
fluence on eccentricity. For example, as may be seen from Fig. 11, 
increasing the load by a factor of 4 raised the eccentricity ratio 
from 0.58 to only 0.60. 
apparent in Fig. 12 which shows that varying the viscosity in a 


The effects of speed and viscosity are 


given test seemed to have a small effect on the eccentricity when 
N,/N; 


Under these conditions of loading, the Sommerfeld variable, 
which is a parameter of true hydrodynamic lubrication, provided 


= 0.5, while changing the speed had a pronounced effect. 


no correlation between eccentricity and the operating variables, 
The origin of load-supporting pressures in the lubricant film, 
with V,,/N; = 0.5, is not known. It seems not unlikely that the 
explanation is the same for the case of the sinusoidal load as for a 
rotating load. Efforts to solve this problem are continuing. 


ComBiNnep Roratinec AND ALTERNATING LOADS 


Tests were run with a combination of rotating and alternating 
The rotating load was applied at the frequency of shaft 
rotation to simulate centrifugal loading. The sinusoidal al- 
ternating load was applied at one half the spindle speed to repre- 
sent, for example, gas-pressure loading in # four-stroke-cyele en- 


loads. 


gine crankshaft bearing. 
Fig. 13 shows the effect of increasing the rotating load while 


holding the alternating load constant. It is highly significant 
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that the alternating load alone, applied at one half the shaft fre- 


quency, produced eccentricity ratios which were greater than ° 


those resulting from the combined loads. Furthermore, it may be 
seen that the higher the superimposed rotating load, the thicker 
the operating oil film. This phenomenon helps to explain why 
four-stroke-cyele engine crankshaft bearings can operate. with 
complete film lubrication, in spite of the gas-pressure loading at 
the critical frequency of one half the shaft speed. The inertia and 
centrifugal-load components tend to reduce the eccentricity in 
the same manner as was found in the experiments. 

In view of the foregoing, it is entirely possible that troublesome 
whirling in sleeve bearings, subjected to alternating loads at one 
half the shaft speed, can be reduced to a safe operating level by the 
addition of a rotating load at the Trequency of shaft rotation. 
This could be accomplished by purposely introducing some un- 
balance in the rotating members and damping the resulting vibra- 
hon, 
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Discussion 


4 
& T. BuRWELL.* The author is fo be congratulated on having 
developed a most ingenious method for observing the instantane- 
ous position of a journal inside a bearing and of using the niethod 
to study the performance of the journal bearing under yarious 
loading conditions. This information has been badly needed ‘in 
order to provide a check on the theory of hydrodynamic lubrica- 
tion upon which we are beginning to base design calculations for 
dynamically loaded bearings. It is interesting that a good many 
‘of the results of the simple theory such as the position of the jour- 
nal under loads, its path under alternating loads, and oil-film rup- 
ture are now confirmed experimentally by this work. This gives 
us confidence that the theory can be used safely for the design of 
bearings subjected to varying loads. In this connection it is even 


more fortunate that the deviations from the simple theory that 


are found in the present work appear to be on the conservative 
side 

There appear to be five main discrepancies between the pres- 
ent experimental results and the predictions of the simple theory, 
as follows: 


1 The shaft does not whirl in this apparatus under no-load 
conditions. 

2) The transient whirl upon starting has a frequency slightly 
less than one half the shaft speed. 

3  Theshaft does not move in a periodic orbit under a constant 
unidirectional load. 

4 The eccentricity ratio does not become unity under a con- 
stant load rotating at one half the shaft speed. 

5 The eccentricity ratio does not become unity under a 
sinusoidal alternating load having a frequency of one half the 


shaft speed. 


It is possible that all these discrepancies can be ascribed to a 
single cause. For instance, regardless of the exact nature of the 
“eause, all five discrepancies are consistent with the single con- 
clusion that a journal center rotation N, equal to one half the 
shaft speed \, is not for this bearing a natural or critical fre- 
quency. However, the explanation of this conclusion is not at all 
obvious. 

It has been suggested that the absence of the periodic motions 
under no-lodd and under constant-load conditions must be due to 
damping forces not taken into account in the theory. For this 
reason the oil-drag forces on the whirling shaft have been re- 
examined to see whether they could be the source of the damping. 
It is found that their resultants parallel to and perpendicular to 
the line of centers are of the order of ¢/r times the corresponding 
resultants of the film pressures. This makes them equal to about 
0.1 per cent of the film-pressure forces in the present experiments. 
More importantly it is difficult to understand how any forces of 
this nature can damp out these motions, since energy is being con- 
tinually fed in by the rotating shaft. Rather, it would appear 

_that positive forces directed radially inward are required to drive 

the journal center to the center of the clearance circle under no- 
load conditions as shown in Fig. 2 of the paper. The source of 
such radial forces, in the absence of oil-film rupture, is difficult to 
see unless it is a stiffness caused by the support bearing. 

The oil-drag forces were found to give rise to a whirling speed 
very. slightly less than one half the shaft speed, but unfortunately 
not in good agreement with the speed actually found. The ex- 
pression for the ratio of the two speeds is 


* Massachusetts Institute of Technology, Cambridge, Mass. 


S13 
where the symbols are as defined in the original paper. For a 
value of » near unity this becomes approximately 
[2] 
VN; 2 4f 


With the dimensions of the present apparatus, this would lead to 
a value of N,/N, of approximately 0.4998 instead of 0. 1980, as 
actually observed. The difference from !/, beeomes even less as 
Furthermore, Equation [1], herewith, predicts no 
dependence of this ratio on shaft speed as shown by the data in 
Table 1 of the paper. 

Since many lightly loaded shafts do show oil whip in practice, 
the conclusion of its absence in the present case cannot be entirely 
general. Possibly it is due to the absence of dynamic unbalance 


decreases. 


forces owing to the stmple structure and the great accuracy with 
which the present shaft was made. 

Turning to the last two disagreements with the theory, it seems 
most likely, as the author suggests, that the explanation of the two 
is the same. This is because the sinusoidal loading was found to 
induce a circular orbit having half the shaft speed, which is just 
the same orbit as that induced by the constant load rotating at 
this speed. The orbit, rather than the applied load, directly de- 
termines the pressure distribution in the oil film. 

The writer has suggested that the explanation for these two dis- 
crepancies is probably to be found in the thermal expansion of the 
oil which was first suggested by Fogg! to explain the load capacity 
observed in certain high-speed thrust bearings. This seems to be 
borne out by the strong dependence of the discrepancy on speed, 
since one would expect the amount of expansion which determines 
the load capacity to be dependent on the power consumption 
which is proportional to uN? rather than to wN fora purely hydro- 
dynamic effect. 

Furthermore, the resultant oil-film pressure due to thermal ex- 
pansion will probably have a component parallel to the line of 
centers which can drive the journal toward the center of the 
clearance space. As discussed previously, this seems to be neces- 
sary to suppress its periodic motions under constant and no-load 


conditions, 


It might be interesting-to see whether there is some interrelation 
between the five discrepancies. For instance, the results in Table I 
of the paper indicate that while the journal will not whirl in- 
definitely, yet it does prefer a frequency slightly less than one 
half the shaft speed. This suggests that under a constant load 
rotating at one of the speed ratios given in Table 1, the eccen- 
tricity ratio might approach unity more closely than it does for the 
load rotating at exactly one half the shaft speed. Has the author 
tried this? 

Nevertheless, in spite of the absence of any very satisfactory 
explanation the absence of the whirling and periodic motions 
under constant or no load is reassuring when using the theory to 
calculate the journal center path under sinusoidal and more com- 
plicated forms of loading such as occur on actual connecting-rod 
hearings. The solutions were obtained on the assumption® that 
all transients arising from such motions would be absent and that 
only a steady-state motion, having the frequency of the applied 
load, would exist. The general agreement of the shape of the 
orbits shown in Figs. 9 and 10 of the paper, for a sinusoidal alter- 
nating load with those caleulated under this assumption,® give us 
confidence that calculations of more complicated types of loading 
on this assumption will be correct. In the absence of this assump- 


‘Film Lubrication of Parallel Thrust Surfaces,” by A. Fogg, En- 
gineering, vol. 159, 1945, p. 138. 

Reference (7), author's bibliography. 
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tion the calculating problem becomes so complicated as to be well 
nigh impossible of solution, 


Ek. F. Macks,’ In 1946 the paper by Underwood and Stone* 
verified experimentally the theory that a sleeve bearing would 
fail if subjected to a rotating load at one-half shaft speed, and to 
quote from the paper: 
“It should be especially noted that the critical speed for zero 
load capacity is reached when the journal is twice, the load 
speed. This proportion was proved for all journal speeds.” 
Now, however, another apparently very carefully prepared ex- 
perimental paper appears which presents results some of which 
differ significantly from those of Underwood and Stone.” 
There are many very valuable experimental contributions given 
in this paper, but we feel the main thing in this report is the fact 
that an attitude of one was not obtained either with constant ro- 
tating load or sinusoidally alternating load at the theoretically 
critical speed; and the dependence of the attitude particularly 
upon speed but also upon viscosity and load. Since there is such 
a wide difference from theory, this work indicates either (a) that 
the theory thust be revised to include terms which have been 
previously considered negligible or which Have been entirely 
omitted, or (b) to find out what unique feature of the test ma- 
chine contributes to the development of a hydrodynamic film in 
the test bearing. : 
Regarding possible changes in theory, the author’s suggestion 
of thermal expansion may be a partial answer, but it should be re- 
called that in the equivalent system, that is, with respect to a 
fixed point on the load vector, there is no net flow cireum- 


for any hot oil to be continually replaced, it must depend upon 
adherence to the moving members and upon side leakage. Also, 
inasmuch as the flow varies as the cube of the clearance, there will 
be little end flow in the region of the minimum film thickness. 
Regarding the test machine, misalignment has been shown to be 
important, but we do not feel that it is the whole story. ‘There 
may be something either in the test bearing or inherent in the test 
machine which prevents an attitude of one from being obtained 
under the critical conditions. We would like to ask the author if’ 
there is any possibility that the loading system—say, the loading 
springs involved or the manner in which the load is applied, or 
anything else—might contribute to a vibration conducive to the 
generation of a squeeze film or an unknown superimposed load on 
the test bearing. Also, any movement of the test-bearing housing 
is extremely critical, since the micrometer probes are attached to 
the housing, Is this a possibility? - May we also ask if the author 
has found oe operation that changes of speed or load affect the 
alignment and to what extent; and if he feels that such alignment 
changes may invalidate any, of the results obtained or reported 
before it was discovered how sensitive the machine was to mis- 
alignment? 


\ 


. 


We feel that it would be well for the author to explain the care 
which was required to obtain a true clearance circle and the effect 
of a film on either the bearing or journal during this calibration,. 
and also to mention how the oil-film temperature was determined 
to obtain the value of viscosity used in the calculation of the 
Sommerfeld number, 
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4 

; S. M. Marco.® Bearing theory has advanced through many 
stages from the time of Petroff and Osborne Reynolds to the 
7 Flight Propulsion Research Laboratory, NACA, Cleveland Air- 
port, Cleveland, Ohio.- Jun. ASME. 


® Reference (16), Author’s bibliography. 
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present. Although many papers have been written concerning 
both theoretical and experimental investigations ‘of bearings, 
nevertheless the agreement between theory and experiment re- 
mains qualitative rather than quantitative. The true purpose of 
both theoretical and experimental investigations of bearings is to 
supply information to the designer sé that he may arrive at 
bearing designs which aré better. In general the situation at 
present is that the designer of bearings cannot rely too heavily on 
theory or experiment. He is forced to design bearings largely by 
trial and error, relying on his own experience and that of other de- 
signers to guide him in his selection of the various factors which 
affect the operation of a real bearing. The plain fact is that real 
‘bearings do not act in the way which theory predicts except in a 
qualitative sense. It is for this reason that those of us who are in- 
terested in the design field welcome all investigations which will 
lead eventually to a better understanding of the factors which 
affect the operation of a real bearing. 

It seems to the writer that the investigation, reported in this 
paper could well be the beginning of a long-time investigation 
which would lead eventually to an understanding of the relative 
importance of deviations of actual-bearing conditions from those 
which we are forced to assume in theoretical bearings. Such 
things as the effect of shaft deflection, the effect. of restraints 
caused by adjacent bearings, the effect of complex periodic load- 
ing, and numerous other similar factors must be investigated if 
the designer is to be supplied with reliable quantitative informa- 
tion. 

That the investigation reported by the author shows some of 
the discrepancies between bearing theory and experimental bear- 
ings is brought out in a number of instances. For example, this 
work shows that for the conditions of this test bearing, whirl in 


. the absence of a periodic disturbing force is always damped out, 


whereas theory predicts that a.steady-state whirl should be pro- 
duced. Undoubtedly, this is due to the neglect in the theory of 
such damping forces as oil drag, shaft stiffness, constraints im- 
posed by adjacent bearings, and the like. In this connection, 
would the author explain some of the factors which might be in- 
ferred from the paper but which are not explicitly stated? For 
example, in Fig. 2 does tl.e-exposure time indicate accurately the 
total length of time for damping to reduce the amplitude of whirl 
to zero? It would be of interest to know if the frequency of 
whirl is.constant for a given set of conditions, j.e., does the fre- 
quency of whirl remain constant while the amplitude is decreas- 
ing? Ifit is, it would indicate a common type of damped vibra- 
tion—a conclusion that might give a clue as to the type of damp- 
ing involved. Apparently highe? speed reduces the time required 
for damping but does it reduce the number of cycles required to. 
bring. the amplitude to zero? This is not quite clear from Fig. 
2(b) and (c). The effects of load, lubricant viscosity, and feed 
pressure on damping are somewhat obscure. Also, it would be 
of interest to have the author explain the method of measuring 
the speed of whirl with the precision indicated in his Table 1 

In describing the unidirectional steady-load tests, thé author 
states that upon starting from rest, this journal did not start to 
roll along the bearing wall as is commonly assumed. This is the 
action which is usually assumed when’ the journal has squeezed 
out sufficient oil so that dry friction exists. This paper does not in-_ 
dicate how fully this matter was explored. Fig. 3 of the paper 
indicates a bearing pressure of 50 psi which is a fairly low pres- 


sure. It is possible that because of the low pressures involved? the | 
oil was never squeezed out completely, and therefore no dry 
friction resulted. Would heavier loads have resulted in the 
journal rolling along the bearing wall until a film had been built. 
up? Since this is an important factor in bearing wear, this matter 
should be investigated thoroughly. ; 

The work on oil-film rupture, as affected by feed pressure, is of - 
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great interest. The results of this work would indicate that most 
practical bearings, with the exception of a very few using ex- 
tremely high lubricant feed pressures, operate with a partial film 
only. Since the theory of film lubrication predicts friction co- 
efficient and load-carrying capacity on an assumed continuous 
film, it would appear again that the theoretical bearing is so 
different from the practical bearing that predictions based upon 
theory may well be completely unsafe for design purposes. 

The investigation of rotating and sinusoidally varying loads 
brings out some interesting facts. Figs. 6 and 11 of the paper 
show that while a ratio of load frequency to shaft frequency of 
one half is serious, it does not result in a complete breakdown of 
the supporting film. Fig. 13 shows that a rotating load at shaft 
frequency, superimposed on a sinusoidal load at one-half shaft 
frequency, results in a lower eccentricity than for the case of the 
alternating load alone. - The author states that this may be the 
reason that four-stroke-cycle engine crankshaft bearings can 
operate with complete film lubrication. It would take considera- 
bly more investigation with higher specific loads to prove this. 

However, the writer feels that the fact that a thin film exists 
with sinusoidal load, i.e., the eccentricity ratio is not unity, is the 
reason that such bearings aperate. The work of Needs” would 
indicate that for a given bearing geometry, a larger eccentricity 
will support greater loads than will smaller eccentricities for the 
same oil viscosity and peripheral speed. 

In the writer's opinion, Figs. 7 and 12 of the paper are of ex- 


treme importance since they show definitely that the Sommerfeld, 


number is not an adequate parameter for describing the eccen- 
tricity of a bearing subjected to nonstatic loading. 

It is to be hoped that the author of this paper can be en- 
couraged and supported in a continuation and extension of this 
important piece of research. 


B. L. Newxrrk."! One item of especial interest in the paper is 
the indication of tensile stress in the liquid in the-top,of a full 
bearing. Under laboratory conditions, liquids have shown very 
considerable tensile strength. There has been doubt about the 
development of such strength in the lubricating film in apparatus 
under operating conditions. The presence of minute bubbles in 
the oil, or impurities which might promote the formation of 
bubbles, might inhibit the development of tensile stress in the 
liquid. 
perhaps 45 psi seem to have developed when a load of 50 psi was 
carried with a feed pressure of 15 psig. This is on the assumption 
that the peak negative pressure in the upper half is 3 times the 
average negative pressure of 25 psi. It would be interesting to 
know whether bearings in service could be counted on to behave 
reliably in this manner, what the effect of impurities in the oil 
would be, and whether higher feed pressures would produce 
higher tensile stress in the film. Theoretical values of tensile 
strength of liquids are very high. Possibly they may be realized 
in bearings. . 

The whirling shown in Fig. 2 “oil-film 
whirl” which sometimes appears as a disturbing factor in the 
operation of machines. 


of the paper is not the 


Such whirling.develops when a machine 
runs at some speed that is approximately twice the shaft critical 
speed, or at some higher speed. There is an interaction between 
the elastic behavior of the shaft, and the oil film, ‘and the shaft 
whirls at a frequency determines by its stiffness and the load it 
carries, while rotating at a much higher frequency. This model 

“Effect of Side Leakage in 120-Degree Centrally Supported 
Journal Bearings,” by 8. J. Needs, Trans. ASME, vol. 56, 1934, p. 
721. 

'! Professor of Vibration, Practice and Theory, Rensselaer Poly- 
technic Institute, Troy, Mem. ASMI 
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has a very stiff shaft carrying no load except its own weight. The 

critical spéed would be far above the speeds of these tests. 

The possibility that a journal might whirl with a whirl speed 
equal to one-half running speed was pointed out in 1925.'? The 
studies made at that time indicate that such a tendency did exist 
in an unloaded bearing during continuous operation, at all speeds 
up to as high as 2250 rpm, but that it is feeble and easily sup- 
pressed. 


H. Poritsky.'* This writer was particularly impressed by the 
verification loads of the predictions of the complete journal 
theory at low loads, where the displacement is perpendicular to the 
load, and the discrepancy between theory and tests at higher 
loads where the displacement has a component perpendicular to 
and one in the direction of the load. The explanation, as pointed 
out by the author, surely lies in the fact that the generally availa- 
ble theory requires the existence of negative pressures in the oil. 
While negative pressures up to a certain point might be sustained 
by oil, beyond that point the oil will foam, and the theory has to 
be modified correspondingly. When that is done, no doubt some 
of the discrepancies between existing ‘theory’? and experiment 
will be eliminated. 

In regard to the amplitudes of vibration or whirl in case of ro- 
tating and sinusoidally alternating loads, the writer’s unpublished 
studies of some ‘10 years ago have shown that here, too, the dis- 
Most of the 
published analytical studies of oil whirl show that a rotor should 
be unstable at all speeds, whereas, as has been discovered by Dr. 
B. L. Newkirk, instability exists only at speeds above double the 
critical speed. When one takes into account the component of 
displacement in the direction of the load (due to the failure of the 
negative oil pressures required by theory), it is possible to show 
No doubt the 
displacement under sinusoidal loads can similarly be explained. 


crepancy may be ascribed to negative pressures. 


that this discrepancy may be largely explained. 


A. F. Unperwoop.'* This paper is helpful in bringing further 
attention to dynamically loaded bearings by contributing experi- 
mental results. It has become clear that no longer can we treat 
such bearings as statically loaded bearings. 

The author points out that the study is not complete, and that 
further work is being done to investigate the existence of an oil 
film at the critical speed. The machine used to conduct the tests 
is extremely rigid in relation to the very light loads imposed on it, 
compared to most commercial machines. The highest eccen- - 
tricity reported is 0.8 whereas many dynamically loaded bearings 
operate abote 0.95. Although no failures caused by zero oil-film 
thickness were found by the aythor, we have had failure of bear- 
Other 
casesshave come to our attention, in which bearing failure occurred 


ings under 25 psi when operating at the critical speed. 


when running at critical speeds, and we feel it is highly desirable 
to design bearings well outside of such conditions until the 
reasons for the results reported in this paper are understood 
thoroughly. 

It is interesting to note the damping effect of higher lubricant 
pressure demonstrated in Fig. 2 of the paper. In tests reported 
previously," it was necessary to reduce the supply pressure to a 
very low value to stop the damping. Probably the effect would be 
less important if the bearing pressures were raised. 

We are wondering how accurately the gas pressure on the bear- 


by 
28, 


Shaft Whipping Due to Oil Action in Journal Bearings,” 
B. L. Newkirk and H. D. Taylor, General Electric Review, vol 
August, 1925, p. 559. 

"Consulting Engineer, General Electric Company, Schenectady, 
N.Y. Mem. ASME. 

'* General Motors Research Laboratory, Detroit. Mich. 

'§ Reference (16), author's bibliography. 
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ings of a four-cycle engine can be considered a true critically 
applied load. It is applied every other revolution, but each alter- 
«nate revolution has practically no ‘‘half-speed” load during which 
time the oil film can be re-established. : 

The author suggests the use of an unbalance to reduce whirl 
when alternating loads are imposed at one half the shaft speed, 
and then damp the resulting vibrations. Another solution, 
when three or more bearings are in a machine, is to unbalance 
However, by 
applying these loads so as to give an over-all balance to the 
machine, there will be very little resulting vibration transmitted 
to the mountings. 


each one individually to apply a stabilizing load. 


AvuTHOR’s CLOSURE 


Dr. Burwell raises the interesting point that, since the natural 
whirl frequency of this journal is slightly less than one half the 
shaft speed, a constant load rotating at this natural frequency 
might produce an eccentricity ratio closer-to unity than does a 
load rotating at exactly one half the shaft speed. Unfortunately, 
no experiments of this nature have been tried, since the camshaft 
change gears do not permit the required frequency ratio of 0.498 
or 0.497. 
merit to warrant the installation of a separate variable-speed 
camshaft drive to cheek this point. This will be done at an early 
date. 

With regard to Mr. Macks’ question concerning the possibility 
that some phenomenon associated with the loading system might 
i N; 
= 0.5, recent efforts have been directed toward resolving this 


be responsible for eccentricity ratios less than unity when N 


question, The natural frequencies of the loading.springs are well 
However, preliminary meas- 
urements indicate that there is a small amount of relative motion 
between the test-bearing housing and thé support-bearing hous- 
ing, when the machine is running with a rotating load. This 
motion appears to occur atthe loading frequency and amounts to 


outside the operating-speed range. 


several ten-thousandths of an inch in the axial direction at the 
The 
significance and exact mechanism of this movement are not yet 
known. 


shaft center line. No transverse motions were observed. 


. The only precaution which was necessary to obtain a good 
clearance circle was to be sure that the manual rotation of the load 
was accomplished slowly. Approximately 1-min for a complete 
revolution was found to give a maximum clearance circle. It is 
felt that any surface films remaining on the bearing or journal 
would be too thin to affect the pattern at the micrometer mag- 
The oil temperature was measured by thermo- 
couples in the-feed lines just before the oil entered the bearing. 


nifications used. 


In response to Professor Marco’s questions concerning Fig. 2 of 
the paper, the exposure times represent the actual periods during 


which the camera shutter was open. They are thus somewhat 
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longer than the exact duration of the whirling motion. Unfor- 
tunately, little quantitative information concerning damping can 
be derived from Fig. 2 because of this and because the periods of 
acceleration from rest to the- whirl frequency are not known: 
Considerably more work is needed to ascertain precisely why high 
load, low viscosity, and high feed pressure produce the whirl- 
damping effects observed. he 

In the method used for détermining the very: exact ratios of 
N,/N; listed in Table 1 of the paper, only the departures from a 
precise 1:2 ratio were measured. The technique consisted of at- 
taching a narrow piece of adhesive tape axially on the’shaft at a 
point where it passed under the area of measurement of the 
probes. Because of the different dielectric constant of the tape 
compared to air, there was a distinct kick ‘on the oscilloscope 
screen each time the tape passed under a probe. Since the spindle 
rotated approximately twice for each orbital revolution, and a 
kick was registered by each of the two probes, the pattern on the 
oscilloscope screen consisted of a circle with four distinct kicks. 
If the speed of orbital rotation were precisely one half the speed of 
shaft rotation, this pattern would remain stationary, Any de- 
parture from this precise 1:2 ratio was indicated by a’ slow rota- 
tion of the pattern, which could be timed easily. From the fre- 
quency and direction of this rotation, a very accurate value of 
N,/N, could be calculated. 

Another point raised by Professor Marco concerns the fact that 
Fig. 3 shows no evidence that this journal started to roll along the 
bearing wall, when started from rest. It is possible that, in the ; 
tests,.the loads were too light to squeeze out the oil film and per- 
mit dry friction, This matter was not explored fully. 

The author agrees with Professor Newkirk that the, matter of 
tensile stresses in journal-bearing oil films merits further con- 
Some qualitative studies were made with a lucite 
bearing on asteel shaft, observing the film conditions with ultra- 
violet light. The lubricant was introduced at ¢ point source in the 
unloaded region of the bearing. [t was found that film rupture 
started in localized areas on both sides of the oil hole, the evacu- 
ated areas extending, at times, for some distance circumferen- 
tially, bit seldom reaching axially to the ‘outside edges of the, 
hearing. These observations led to the belief that film rupture, 
originating in a highly localized region of peak negative pressure 
and extending over only a small fraction of the bearing length, 
results in a redistribut?on of pressures on the unloaded side of the 
journal. Only when the load becomes high enough to rupture the 
film over a sizable fraction of the bearing area does the shaft 
move in the direction of the load, the amount of motion, and, 
hence the eccentricity, depending upon the extent of the rup- 
ture. The observations were only qualitative, since the lucite 
distorted’ under the influence of load and temperature. A glass 
bearing has been made to permit more exact tests, but no ex- 
periments have been run with it as vet. 
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The Mechanism of Lubric 


High-Speed Ball Bearings 


By F. C. JONES! ano D. F. 


When lubrication fails, the first point of distress in a 
high-speed ball bearing occurs at the rolling contact be- 
tween a ball and a race. 
race, sliding as well as rolling must occur in the contact 
area. Hence the absence of an oil film results in friction 
and heat. The localized heating and resultant differential 
expansion of the parts cause preloading of the bearing ow- 


Because of the curvature of the 


This process progresses 
rapidly to cause spalling cr pitting of the races amd balls, 
skidding balls, broken - ball separators, and a jammed 
bearing. 


ing to loss of internal clearance. 


INTRODUCTION 


PERAT ING oieitbens for antifriction bearings are be- 
() oming severe in certain applications; and today large 
earings are being operated at high temperatures, high 
and relatively high speeds. To these conditions, 


forced. oil lubrication of the par- 
ticularly in order to help keep the bearings cool and to provide 


loads, meet 


bearings has been necessary, 


positive assurance of lubrication. 

In machines with direct-connected oil pumps, there may be a 
short period during starting in which no oil will flow to the 
bearing, and therefore it becomes important to determine whether 
this situation might prove dangerous to the bearing. In a recent 
study,*® an improvement in roller bearings was described which 


' Thomson Laboratory, General Electric Company. 

? Thomson Laboratory, General Electric Company. 
ASME. 

*“Improved High-Speed Roller Bearings,"’ by D. F. Wileock and 
F.C. Jones, Lubrication Engineering, vol. 5, June, 1949, p. 129. 

Contributed by the Research Committee on Lubrication and the 
Petroleum Division and presented at the Annual Meeting, New 
York, N.Y., November 27-December 2, 1949, of THe AMERICAN 
Sociery OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49-——A-36. 
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D1aGRaM or Test EqQuipMENT 
flexible pedestal; 


dD, thermocouples.) 


ation Failure in 


LYNN, MASS. 


permits operation for extended periods without fluid lubrication, 
Three factors in addition to the material improvement make this 
namely, (1) the pure 
2) the light louding on 
the sliding surfaces between rollers and roll separator, and (3) 
It was felt that the ball 


would be 


type of operation possible, rolling nature 


of the eéntact between rollers and races, | 


the relatively large internal clearance. 
bearing, because of the nature of the rolling contact, 
much more marginal in its lubrication requirements. P 

Tests on high-speed ball bearings were arranged, under various 
conditions of lubrication. examination of bearings after partial 
failure has provided interesting inforfiation as to the route by 
which failure occurs. Despite the opinion which is sometimes 
expressed,‘ that the oil film is unimportant between balls and 
races because of the high pressures generated beneath the ball, 
these experiments have shown that it is precisely in the area 
between ball and race that the initial distress appears when the 
lubricant is depleted, 


Test 
The ball bearings used in these tests are 50-mm-bore medium- 
Each 
complement of eight */4-in. balls, separated by a two-piece riveted 
retainer of laminated cloth-base phenolic material. The retainer 
is guided by the inner-race shoulders. The total radial internal 
clearance of the test bearings varies from 0.0013 to 0.0018 in, 
The test equipment is shown in Fig. 1. a shaft 
310 bearings and direct-coupled to a 
two-pole high-frequency motor. Motor power is furnished by a 
Motor speed is 13,200 rpm. A radial load 
of 19 lb is applied to each bearing due to the weight of the shaft. 
\ thrust load of 300 Ib is applied by adjusting the position of the 
bearing carrier in the flexibly mounted housing, in order to obtain 


series precision ball bearings, No. 310. bearing contains a 


It consists of 
carried by two of the No 


frequency changer. 


the necessary deflection of the supporting reeds, as measured by a 
dial indicator. 


“Methods of Lubricating High-Speed Ball Bearings, “by A. F. 


wchinery Magazine, vol. 55, 1948, pp. 172 
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The bearing in the fixed coupling end housing is lubricated 
with 0.5 gpm of AN-O-8 grade 1065 oil, and functions as a guide 
bearing. The test bearing is located in the flexibly mounted 
housing and is lubricated as desired for each test. The test-bear- 
ing outer-race temperature is measured with an iron-Copnic ther- 
mocouple which is spring-loaded against the outer race.> A high- 
speed G-E potentiometer-type photoelectric recorder is used to 
record the temperature-time curve during testing. . A‘ very rapid 
rise in temperature signals the depletion of the lubricant supply 
after which the test shaft usually is stopped as quickly as possible. 
After removal from the test shaft, the failed bearing is cut open 
for examination. 


EXPERIMENTAL RESULTS 

As part of the study of the amount of lubrication necessary in 
the ball bearing, a series of bearings were prepared with varying 
amounts, of oil on the surfaces; and the length of time before a 
lubrication failure occurred was noted. Minute amounts of oil 
were added by immersing each bearing in oil solutions of varying 
concentrations. _ Because of slight oil absorption in the separator 
material, accurate determinations of the weight of oil added were 
not possible. 
the bearings: 


The following schedule was followed in oil-coating. 


1 Cleaned and soaked in solvent. 
2 Air and furnace dried. 
3. Cooled in a desiccator. 
A Soaked in a dilute oil-solvent solution. 
5 Air and furnace dried. 
6 Cooled in a desiceator. 
* 7 -Installed in the testing machine. 


The running time to failure was found to be roughly propor- . 


tional to the concentration of oil in which the bearing had been 
dipped, as shown in Fig. 2. By dipping an outer and inner race - 
separately in a 5 per cent solution, the weight of oil added to the 
steel parts is estimated to be 13.5 X 10-® gm per’sq em, which 
corresponds to a layer 12 Angstroms thick, or about one molecular 
laver. 
surface and transferred to the balls in the actual bearing tests 


Additional oil undoubtedly is absorbed at the separator 


No separator failures occurred during this testing. 

The tests were stopped as soon as temperature rise of the outer 
Fig. 3 shows a typical temperature record for the 
final portion of the test. The appearance ofa bearing outer race 


race was noted, 


6 “Grease—An Oil Storehouse for Bearings,”’ by D. F. Wilcock anc 
M. Anderson, Special Technical Publication No. 84, ASTM, 1948, se 
p. 36. 
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after a partial failure is shown in Fig. 4. * Three pitted areas in 
which sliding has occurred separated by two narrow shiny bands 


where only rolling to6k place are cleatly visible. All the bearing 


“Ss 
| 
if 
' my A 
, 


{ 


~ TL 


LC. THERMOOOUPCE 
+ 
it 7 —- ah it} 
Fig. 3) Typicat Cuart SaHowinc Temperature Rise at 


Ovurer Ras \ R 
BANDS OP Su D 


BEARING 
ALTERNATING 


PORTION OF 


CLose-Up or 


Fic. 4, 
PartTtat FamLure, SHOWING 
RoiunG Contact 


(A-A edges of track; B-B lines of rolling contatt.) 


er 


| 
| 
© 


Fie. 5 


parts are shown in Fig. 5 which illustrates the tracking which 
occurs on the’ balls and inner race, as well as on the outer race. 
Three other tests were made which are of interest. 
follows: 


These are as 


| Arun using a large mass on the shaft to increase the radial 
load to 100 Ib. A dry bearing was used, and no time could be 
recorded, since the bearing had not come up to speed before fail- 
ure. The races and balls were darkened and covered with steel 
flakes. The separator broke during this failure, probably because 
of the greatly increased inertia of the weighted shaft which pre- 
ventéd the usual rapid stop. 

2 Arun was made in which the bearing was partially failed 
and then run with jet-oil lubrication. No complete failure oc- 
curred; and, although noisy, the operation was satisfactory dur- 
ing a 2-hr run. 

3 A run was made carrying the failure beyond the point of 
rapid temperature rise. In this case the bearing seized without 
separator failure. There were steel flakes rolled onto the races 
and balls. 


To investigate the possibility that the initial lubrication failure 
occurred between ball and race and not at the separator because 
of the better bearing characteristics of the phenolic separator, 
some tests have been made on standard No. 306 bearings with 
pressed-steel separators at speeds of 900 to 3600 rpm. These 
bearings also were lubricated with very small quantities of oil, of 
the order of 1 mg, applied from a 2 per cent solution in benzene. 
They were stopped’at the first sign of distress, either noise or tem- 
perature rise. When the bearings were cut open, tracks were 
observed on the races similar to those in Fig. 4, but they were too 
faint to photograph readily. No marking or evidence of wear 
could be found on the steel surfaces of the separator, indicating 
again that the area of initial lubrication *failure is between the 
ball and the race. When the bearings were not stopped immedi- 
ately at the first sign of distress, very pronounced tracks were pro- 
duced on the races together with brown iron-oxide powder. At 
this stage, some marking of the separator had taken place also. 


Discussion OF FarLURE CONDITIONS 


The tracking observed on the races and balls after a partial 


JONES, WILCOCK—MECHANISM OF LUBRICATION FAILURE IN’ HIGH-SPEED BALL BEARINGS 


*. 


BearixG Parts Arrer Partiat Fatture 


failure is an interesting verification of the conditions beneath a 
loaded ball which are predicted mathematically. The two shiny 
bands separating the three pitted strips in each track correspond 
to the lines where pure rolling motion occurs, sliding occurring 
over the balance of the area of contact. 

A section of-a ball bearing is shown in Fig. 6, indicating the 
Because of the 
differences in radii between the axis of rotation of the ball and 
the contact point with the outer race, the surface travel for a 
given angular rotation will vary from point to point, and, in 
general, will not agree with the corresponding portion of the outer- 
race circumference traversed by the ball. Thus it 


loaded area between a ball and the outer race. 


r = the maximum distance, from the axis of rotation of the 
ball to a point in the contact area 

r, = r— Ais distance to some other point in contact area . 

R = maximum radius of outer race 


R, = R— Ais outer-race radius corresponding to 7; 


then the number of revolutions of the ball per revolution around 
the outer race is 


R 
2er r a 
and 

= — . [2] 

2rr; A 

we 


if no slip is assumed. It is apparent at once that since R # r,n 
The ball must 
then roll in such a way that the forces due to sliding will balance 
as shown in Fig. 6. 


is not equal to n,, and hence slip must occur. 


Sliding will occur in opposite directions in 
the areas marked A and B, and the boundaries between these areas 
represent the lines of rolling contact. 

It is interesting to note that the ratio of the separation of the 
lines of rolling contact to the major diameter of the ellipse of con- 
tact is independent of the shape of the ellipse if it is assumed that 
the frictional force per unit area is constant and hence, that the 


areas A and B are equal. The calculated ratio of spread to major 
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SECTION A-A 
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diameter compares with the ratio measured on the outer race 
shown in Fig. 4 as follows: ‘ 


 Calculated..... . . 0.405 


0.0985 


M - = 0. 
easured 0.246 0.400 


The bearing shown in Figs. 4 and 5 had a total internal radial 
clearance of 0.0015 in., and a maximum load per ball of 140 Ib. 
Other pertinent bearing dimensions are as follows: 


Radii of outer race ...... —1 950 in., —0.397 in. 
Radii of inner race .......... +1.199 in., —O. 387 in. 


Application of the Hertz equations? gives an outer race track 
width of 0.11 in. for the normal load of 140 lb plus the centrifugal 
load of 68 lb. . 

The observed track width of 0.246 in, corresponds to_a bal! load 
of about 2100 Ib, or 15 times the normal load. The only logical 
source of a load of this magnitude is from preloading of the bearing 
caused by expansion of the balls due to the frictional heat. Thus 
this load was acting only after depletion of the lubricant supply 
and until the shaft was stopped. Maximum stress beneath the 
ball in the preloaded condition approaches 400,000 psi which, 
taken together with the frictional forces, appears ample to cause 
the spalling or pitting observed. The calculated interference re- 
quired to create a ball load of 2100 lb is 0.003 in. on each side of 
the bearing or 0.006 in. total. If it is assumed that it is the balls 
which heat most rapidly from the friction, a temperature differ- 
ence of about 800 F between balls and races is estimated. If 


* “Analysis of Stresses and Deflections,”” by A. B. Jonés, New De- 
parture Divison, General Motors Corporation, Bristol, Conn., vols. 
l and 2, 1946. 

7 “Ball and Roller Bearing Engineering,” by Arvid Palmgren, SKF 
Industries, Inc., Philadelphia, Pa., 1945. . 
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SECTION B-B 


it is assumed that the balls and inner race both expand, a tem- 
perature’ difference of about 250 F is estimated. The- hard- 
ness of the balls in the tracked area after test is 61-62 Rockwell C, 
so that it is doubtful whether more than a thin surface layer was 
heated severely. The peak outer-race temperatures were about 
Similar analysis of the No. 306 bearing showed it to have a 
track width of 0.102 in. corresponding to a ball load of*240 Ib. 
The normal maximum ball load from the applied radial load of 
160 Ib is 113 Ib. 
Tue Course dF A FAILURE 

From the experimental observations and the analysis of their 
meaning, a fairly complete picturé may be drawn of the course of 
a lubrication failure in a ball bearing. The following stages dur- . 
ing failure are indicated, although many of the test bearings were 
not driven to complete failure. * : 

Loss of Lubricant Film. It seems apparent’ from the minvte 
quantities of oil which lubricate the ball bearings successfully that’ 
depletion of: this oil supply beyond a certain critical value results 
in a lubrication’ failure. There doubtless is some lubricant re- 
maining on the metal surfaces at this stage, but it is not sufficient 
to separate the high spots on the rubbing surfaces. -Experiments 
with the No. 306 bearing appear to indicate that load and spéed 
influence the quantity of lubricant remaining at failure, since the 
time of operation on a given small quantity of oil is strongly influ- 
enced by load and speed. es : 

Local Heating Due to Friction. This localized heating occurs in— 
the contaét areas between the balls and the races as the result of 
sliding and friction in the absence of oil. 

Loss of Radial Play. As a result of the local heating cf the sur- 
faces thermal expansion results in removal of the radial play or 
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internal clearance of the bearing. A temperature difference of 
about 150 F between the balls and the races is sufficient to 
remove the radial play of 0.0015 in. 


Preloading of Bearing. Continued heating beyond the point 

of zero clearance results in preloading because of ‘‘negative clear- 
” 

ance. 


the contact areas 


Spalling or Pitting of the Contact Surfaces. °Pitting appears to 
start, as soon as the lubricant fails and it becomes severe when the 
preloaded condition is reached. Metal removed from the - 
becomes rolled onto the races and balls. 

Ball Skidding. Metal rolled bene: ath the balls causes skidding 
of one or more balls. 


Separator Fqilure. The high tangential forces on the separator 
caused by the skidding balls break the separator. 

Bearing Jammed. The bearing may jam before or after sepa- 
rator breakage depending upon aaa amount of inertia and power 
available in the shaft. 

Indentation of Races. When the bearing is examined after a 
severe failure, i.e., after progression to the three preceding stages, 
the inner race is found to contain a number of indentations equal 
to the number of balls (see Fig. 7). This is an indication of the 
severe preloading at the time of failure. 


Discussion 


are 

Tuomas Barisu.* The authors’ work to determine the actual 
mechanism of high-speed ball-bearing failures should be of great 
value in indicating to the ball-bearing manufacturers, some steps 
that can delay such failures. 

The conclusion that the separator does not account for ball- 
bearing failures at high speeds is true only for certain special con- 
ditions; either pure radial load or pure thrust load combined with 
perfect alignment. The test conditions selected fill these special 

- requirements, but are rarely met in actual practice. Separators 
account for a large proportion of the field failures, because the 


* Consulting Engineer, Washington, D. C. 
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SHOWING INDENTATION OF INNER 


contact angle changes around the circumference of the bearing, 
causing the ball speed to change and jam the separator. 

To illustrate how serious and large this effect can be, we take 
the specific case quoted by the authors as a special test, 300 
lb thrust, plus 100 lb radial load (when the cage did fail). The 
radial load is carried only on the bottom half of the bearing, and 
the contact angle changes from the top ball to the bottom ball, 
approximately as shown in Fig. 8. The change in contact angle 
on the inner race varies the ball speed from 3308 ft per min at 
the top, to 3172 at the bottom ball—a total change of 134 feet 
per min or 4.2 per cent. 

Furthermore, this effect accumulates over half of the bearing 
causing an appreciable and dangerous displacement of the ball 
from its mean position—in this case, about 0.027 in. (Fig. 9°). 
Part of this motion is absorbed by a displacement of the cage, 
as shown, but this effect cannot be large in high-speed bearings 
since cages cannot be very loose. The rest of the ball displace- 
ment produces cage distortion with resulting severe loads and 
heating. It is this effect which produces most high-speed failures 
in the field. 

The authors had some difficulty in interpreting the very wide 
contact area. They deduced a load of 2100 lb per ball® (a 


. nomographic chart for making this calculation is given in refer- 


ence’), and attributed it to radial expansion caused by differential 
heating, the inner ring being hotter than the outer. Such a 
large load does not seem reasonable. The misapprehension is 
the contact area appeared so wide because it 
moved. 

On the 
existed: 

1 The initial bearing with 0.00155 in. 
contact angle 12.2 deg. 

2 Add 300 lb thrust load, contact angle 16.2 deg. 

3 Add radial expansion, say, 0.00155 in (85 deg temperature 
differential) contact angle 7.0 deg. 


test bearings, the following three conditions 


looseness (average) 


A radial preload as large as the authors’ interpretation would 
have made the contact practically radial, but it is quite clear 


. *“Ball Bearing Troubles,” 
March, 1939. 


by Thomas Barish, Product Engineering, 


| 
4 
aS 
at 
‘ 
ae 
ay 


TIS BALL ADVAWCEO 


8 


BALL PATH PRODUCED BALL PATH INDICATING XY 
WITH PERFECT MISALIGNMENT OR 

ALIGNMENT & UNDER BINED RADIAL AND 

THRWST LOAD ONLY HRUST LOAD—OR BOTH 


Fic. 8 VARIATION IN ContTacT ANGLE From Top Batt To Borrom 
Unper 300 Lp Turust anp 100 Lp Raprat Loap 


from Fig. 4 in the paper that the area being measured was not 
radial, but at a considerable angle. 

Hence most of the race marking in these tests occurred before 
the final excessive heating of the bearings. However, some 
heating and resultant contact’ movement took place during the 
- initial run when the races were marked, or else the contact 
would not be so wide. 

incidentally, the authors’ tests further confirm Poritsky’s" 
contention that the balls do not spin in angular contact 
bearings. 

It is still to be proved that an oil film only one molecule thick 
can be an effective and necessary lubrication between the ball and 
the race. Lubricating unit pressures of over 200,000 psi do 
not appear feasible. Perhaps the oil film functioned to improve 
the heat transfer, rather than as a lubricant. It is suggested 
that very high pressures and slight moyements are better lu- 

W“Shding Friction of Ball Bearings of the Pivot Type,"’ by H. 
Poritsky, C. W. Hewlett, Jr., and R. E. Coleman, Jr., Journal of 
Applied Mechanics, Trans. ASME, vol, 69, 1947, pp. A-261-268. 
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bricated by such things as ‘“‘molycote,”’ which should then show 
better results under the authors’ tests. 


Much more testing of this valuable type should be undefttaken - 


in the near future. Too many machines like gas turbines are 
being used as testing grounds instead of running the bearings 
separately under controlled test conditions. 


H. T. Morvron.'' The authors amply described a test  pro- 
cedure which creates a lubrication failure’ of high-speed ball 
bearings. By stopping the test after various intervals of opera- 


- tion, the progressive figures of failure were observed. 


During the writer’s years of experience in the examination of 
bearings which have failed ip service.due to lack of lubrication, 
he has also observed similar steps leading to the complete. failure 
of the bearing. Under normal operations the lubricant keeps a 
film ‘between the ball surface and retainer surface to prevent 


friction and localized heating at these areas of contact. Like- . 


wise, experience requires changes in retainer materials for bear- 
ings operated at high speeds 

Under heavy loads or after the balls have expanded due to 
increase in temperature, the condition shown in Fig. 6 oceurs. 
Here the ellipse of contact is divided into three areas separated 
by two lines. These lines were especially visible on the sample 
raceway Mr. Jones had with him at the meeting. These lines 
represented the position of rolling contact of balls. At all other 
positions of the ellipse, sliding friction occurred due to the differ- 
ence in length between rand r; of Fig. 6 representing the distance 
from the’ point of contact to the axis of rotation of the ball. 
Thus the lubricant must have sufficient film strength to separate 
these surfaces or sliding friction will occur, which will increase 
the ball temperature and the raceway temperature. This in- 
crease in temperature will create expansion by heat and decrease 
of internal radial clearance, as explained by the authors. * 

It is interesting to note that the authors have computed, the 
width of contact of the balls with the raceways, the stresses and 
temperatures to create this preload. : 

The authors also discovered the effect of stopping the bearing 
while the preload was in effect and plastic flew occurred both on 
the balls and raceways, leaving indentation in the bearing race- 


_ way surface. 


Under preload conditions the retainer works all of the time 
under higher stresses. As a result, early fatigue failure occurs to 

- The important consideration in bearing service is that when 
the lubricant fails and the temperature of the bearing lubricant 


rises, the machine should be stopped immediately. . 


'" Standards Engineer, The Fafnir Bearing Compafiiy, New 
Britain, Conn. 
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F. Macks anp bk. Bisson.!*? The authors shoul! be 
complimented upon presenting «a paper on bearings which is 
fundamental in nature. 

Inasmuch as this type of failure occurs in low-speed as well as 
high-speed ball bearings, we feel that the title may be too specific. 
In this regard, another type of failure which may occur in very 
high-speed ball bearings, and which has not been mentioned in 


the paper, is a lubrication failure at the cage locating surface. 


This type of failure may océur even with adequate lubrication 


at the points of contact between the balls and races. 

The starting speed and rate of accleration are important varia- 
bles which have not been given. Flat spots on the balls are 
likely to occur during quick starts, particularly with faulty 
lubrication, such flat spots may affect the results. Have the 
* aythors checked for flat spots on a bearing before it had failed? 


Inasmuch as the contact angle and therefore the track width 


vary with diametral clearance, the observed track width at the * 


time of failure may be somewhat misleading regarding preloads 
as the balls have not retraced their paths but have gradually 
worked downward into the groove. Inasmuch as the three 
sliding and two rolling areas were evident in the failed bearings, 
the foregoing effect of redueed clearance on contact angle may be 
overshadowed by the high preloads at the time of failure. What 
is the author’s opinion? ; 

Is it not possible to tell from the tempering colors and hardness 
of an incipient failure what the ball and inner race maximum 
temperatures may have been? What have the authors found in 
this regard? 

AutTHoRs’ CLOSURE 

The authors appreciate the comments of the discussers concern- 

Mr. Barish has 


raised some questions which deserve further discussion. 


ing the interpretation of the data in the paper. 


The paper neither states nor implies that the separator does not 
account for ball-bearing failures at high speeds, but rather that 
in the event of a “lubrication failure’ or failure to supply ade- 
quate lubricant to the bearing, separator failure is not the primary 
cause but rather an end result of localized heating due to friction 
It was indeed sur- 
prising how much punishment this bearing could absorb from 


in the contact areas between balls and races. 


misalignment, combined load, and other sources, provided ade- 
quate lubrication was supplied. The paper clearly states in the 
description of special test No. 1, under 300 Ib thrust and 100 Ib 
radial load, that a “dry’’ bearing was used; and, because of the 
high ball-race frietion, failure oecurted before full speed was at- 

" Technical Staff, NACA 
Cleveland, Ohio. 


Lewis Flight Propulsion Laboratory, 
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tained by the,sane process observed in the high-speed failures of 
very lightly oiled bearings. 

There is no difficulty in interpreting the wide contact area, 
since its width simply serves as a measure of the preload due to 
localized heating of the balls. For reasons of heat transfer it 
seems likely that the balls become hotter than either race. 
Whether the calculated load seems reasonable is a question of 
judgment in view of the permanent indentations left in the races, 
as illustrated in Fig. 7. That the contact area is wide because it 
moved appears highly unlikely for two reasons: (1) because the 
pitted contact surfaces were not found in-the raceways of even 
scantily lubricated bearings after high-speed runs, and (2) because 
measurement of the position of the contact area illustrated in 
Fig. 4 of the paper shows that the contact was nearly radial as 
Mr. Barish has predicted it should be at the calculated high load. 

We believe the evidence is clear that even under the high Hertz 
stresses, calculated for the contact area between a loaded ball and 
the raceway, the oil provided as lubricant serves the important 
Since the 
relative motion is small and of short duration, it is possible that 
oil trapped in surface irregularities, aided by the increase in 
viscosity due to pressure, explains the beneficial effect 


function of reducing friction within the contact area. 


Lubrication failure at the cage locating surface, as mentioned 
by Macks and Bisson, has been encountered by the authors in the 
case of roller bearings having land riding retainer . Undoubtedly 
similar failures would be encountered in the case of ball bearings 
constructed to have land riding metal retainers. The rate of ac- 
celeration used in these tests was not large—the rotor being 
brought to full speed in about ten seconds; and at no time were 
flat spots observed on the balls except atter the most severe type 
The 


authors have observed so many cases of colors similar to temper- 


of failure when they were obviously caused during failure 


ing colors arising from the effect of more moderate temperatures 
on thin oil films on bearing parts that they did not feel that this 
was a reliable method of judging temperatures. Measurement of 
hardness in the ball track after an incipient failure using the 
Rockwell C 


hardness checks were made. 


scale showed no change in hardness.  Superticial 

Bearing testing under controlled laboratory conditions can in- 
deed be more informative than testing in complicated machines, 
where all too often a failed bearing has progressed so far toward 
complete destruction that the course of the failure cannot be as- 
certained, Doubtless it is for this reason that faulty separator 
lubrication, resulting in separator breakage, has been thought in 
the past to be the primary result of failure to supply lubricant to a 
ball bearing, when, in fact, it is the end result of a rapid progres- 
sion of events originating in friction in the ball-race contact area. 
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By D. F. 


Measurements of the operating characteristics of journal 
bearings up to high surface speeds have revealed abnor- 
malities- beyond a certain critical value. A rapid increase 
in bearing torque, power loss, and oil-film temperature 
occurs as speed is increased beyond the critical value, while 
oil flow decreases below normal. These phenomena are 
attributed to the onset of instability or turbulence in the 
bearing oil film with an accompanying increase in energy 
absorption within the film. The experiments were con- 
ducted in a newly designed test apparatus capable of driv- 
ing large bearings at high Maximum speed at- 
tained was 14,700 rpm, or 30,800 fpm, for an 8-in-diam 
bearing, and 20,000 rpm, or 21,000 fpm, for a 4-in. bearing. 


speeds. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


C = diametral clearance, in. 

D = shaft diameter, in. 

L = bearing length, in. : 

N = shaft speed, rpm 

P = bearing load, psi 

T = torque on bearing, in-lb 

Z = absolute viscosity, lb min/in.? 7 

e = shaft eccentricity, in. : 


= gravitational constant, in./min? 
kinematic viscosity, in.?/min 
liquid density, lb per cu in. 


INTRODUCTION 


In the course of an investigation of the operating characteris- 
tics of sleeve bearings over a broad range of diameter, clearance, 
length-to-diameter ratio, and design, anomalous behavior was 
observed in certain larger clearance bearings when operating at 
high rotative speeds. It was noted that the friction coefficient 
under these conditions was considerably higher than would be 
predicted from the f versus ZN /P curve for the bearing, and that 
correspondingly high oil-film temperatures were obtained. Tur- 
bulence in the oil film was suspected as being responsible for this 
behavior, since Reynolds numbers over 1000 were estimated. 

Some years ago the problem of the stability of a fluid contained 
between concentric rotating cylinders was treated by G. I. Taylor 
(1, 2). For the special case, in which the outer cylinder is sta- 
tionary and the inner cylinder rotates, he was able to calculate the 
speed at which instability begins in terms of the fluid viscosity, 
the diameter of the inner cylinder, and the clearance between the 
cylinders. For the opposite case of a rotating outer cylinder and 
stationary inner cylinder, the fluid flow was found to be stable to 
higher speeds. The initial instability for inner-cylinder rotation 
was predicted mathematically to be in the form of uniform sym- 
metrical vortexes or eddies, and this prediction was borne out by 


' Thomson Laboratory, General Electric Company. Mem. ASME 

? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Research Committee on Lubrication and the 
Petroleum Division and presented at the Annual Meeting, New 
York, N. Y., November 27—December 2, 1949, of Tas AMERICAN 
SocIeETY OF Mecuantc AL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No..49—A-37. 
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careful, precise experiments. The symmetrical disturbances in 
the fluid changed to random turbulence as speed was increased 
above the transition speed. 

It is interesting, therefore, to investigate whether the anoma- 
lous bearing performance observed at high rotative speeds obeys 
the relations derived by Taylor and may be ascribed properly to 
the effects of turbulence. Considerable differences in configura- 
tion and conditions exist between a loaded high-speed journal 
bearing and the annular space between smooth concentric cylin- 
ders. Consequently, deviations may be expected in applying the 
theory for cylimders to journal bearings. Some of the important 
differences are as follows: 


Oil grooving in the bearings. 
2 Eccentricity of the shaft in the bearing, as a result of the 
load applied. 
3 Variations in oil viscosity throughout the bearing oil film. 
4 Small clearance-to-diameter ratios. 


The bearings used in this study are made with two longitudinal 
oil-distribution grooves at either side of the bearing located 90 
deg from the load line. Thus, the external cylindrical surface is 
interrupted twice by oil grooves carefully blended with it. The 
smallest clearance-to-diameter ratio for the cylinders used by 
Taylor in his experiments was 0.0271, or 27 mils per in. The 
bearing tests have been made with much smaller clearance-to- 
diameter ratios ranging from 1.7 to 4.4 mils per in. 

MATHEMATICAL RELATIONS 

The essential mathematical relations are presented here with- 
out proof or derivation, for which the reader is referred to the 
original (1, 2). For the case of laminar flow of a fluid between 
concentric cylinders, the torque may be obtained directly from 
the definition of viscosity 


(surface area) X (surface velocity) X (vise osity ) x (radius) 


T =< 
(distance between surfaces) 

Neglecting the difference in diameter between bearing and shaft 

because of the relatively small clearance, and assuming a constant 


viscosity, this becomes 


mD®*LNopv 
go 


This may be rewritten in the following form i 
dimensionless variables 


( T9 ) ( DC 
2\ 
A log-log plot of 

T. ) 

versus 

2v 

which is defined by Taylor as the Reynolds number, is a straight 
line with a slope of —45 deg. (It has been plotted in Figs. 6 and 
7 as the “theoretical curve’’ for laminar flow.) 


Taylor’s criterion for the critical point beyond whic! h insta- 
bility should occur may be rewritten as 
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D 
= 4], 


for the is small* compared to D. At 
numbers higher than those given by Equation [3], values of 
(Tg)/(eN*D4L) higher than those calculated from Equation [2] 
are expected because of turbulence. 


mNDC 
= T 


2v \ 0.0577 C 


case where C Reynolds 


Test EQquipMENT P 

The experiments were conducted in test equipment designed 
and constructed in 1946-1947, and shown schematically in Fig. 1 
The test bearing is located at the center of the test shaft. This 
shaft’is supported by two pedestal bearings, which-are usually 
smaller in diameter than the test bearing. It is driven through 
two step-up gears with an over-all ratio of 20:1 by a 200-hp d-c 
motor. An amplidyne control system is used to adjust the motor 
speed and to maintain it constant. With this drive, tests m: iy be 
run at shaft speeds of 250 rpm to 30,000 rpm with full power 
available from 5000 to 30,000 rpm. Special control circuits per- 
mit full power to be used to stop the shaft in the event of a bearing 
s-izure or other emergency. 

Load is applied to the by means of a hydraulic 
apply a maximum load of 


test bearing 
evlinder located beneath it which can 
133,000 Ib. 
through a stationary pivot bearing supplied with.high-pressure 
oil from the hydraulie cylinder. The pivot bearing is ¢ ylindrical, 
embracing 85 dez of are, and contains four oil pockets sy mmetri- 
cally disposed. Oil is fed to each pocket individually through a 
small tube which restricts the flow and keeps the bearing bal- 
aneed (3). 

The pivot bearing js essentially frictionless ind permits free 
rotation of the test-bearing housing which is restrained only by a 
torque arm and scale for measuring the torque resection Gn the 
bearing during operation. 
cision of 0.05 ft-lb. - 

A general view of the installation without the scale is shown in 
Fig. 2. 
The test bearing is supplied with filtered oil at controlled tempera- 
ture and pressure. 


The torque is measured with a pre- 


The control console and some of the oil piping are visible. 
Each of the longitudinal oil grooves in the 
- test bearing is fed through its own oil line cont:ining a volumetric- 

type totalizing oil meter for the measurement of oil-flow rates. 


The pedestal bearings and the gears are supplied with oil from a 
second system’ completely independent of the test bearing. 


= * Reference (2), Equations [3] and [5], p. 558. 


TEST UNIT 


TRANSACTIONS OF THE 


The load is transmitted to the test-bearing housing - 
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Shaft speed is measured with a precision tachometer generator 
and meter. Shaft position in the bearing is measured with mag- 
netic strain gages mounted radially to the shaft on the test-bearing 
housing. Changes in the gap between the gage armature and the 
shaft change the reactance of the gage coil which is measured in a 
bridge circuit. 

Different size bearings may be mounted in the test-bearing 
Fig. 3 shows 
the installation of a 4-in-diameter bearing in the test-bearing 
housing. The torque arm and part of the seale may be seen in the 
background. 


housing and in the pedestals by means of adapters. 


The test bearing is usually fitted with a number of thermo- 
couples for measurement of the oil-film temperatures and, at 
times, is also fitted with pressure taps for the nfeasurement of oil- 
film pressures. The bearing thermocouples are copper-Copnic 
and are mounted so th: it the tips are open to the oil film and flush 
with the bearing surface. The wires are brought through a short 
section of two-hole ceramic insulator which is cemented in a close- 
fitting drilled radial hole. 


prevented by coating the exposed cemented surfaces with several 


Softening of the cement by the oil is 


coats of clear Glyptal cement. Temperatures.read with thermo- 


.couples installed in the foregoing manner have been from 1 to 2 


deg C above those read from adjacent thermocouples embedded in 
the babbitt metal. The true oil-filf. temptrature-is not known, 
but it is thought, that the disturbance of the bearing surface where 
the thermocouple is inserted causes a local disturbance in the oil 
film sufficient to circulate oil over the thermocouple bead. 
EeXPERIMENTAL RESULTS 

Four bearings have been run at speeds high enough to exhibit 
the effects of oil-film instability. 
4in. long. 
and shaft dimensigns are summarized in Table 1 


Three are 8-in-diam bearings, 
The fourth is a 4-in-diam bearing, 4 in-long. Bearing 
The bearings 
are of the split evlindrical type shown'in Fig. 4, with longitudinal 
oil-distribution grooves reaching fo within '/, in. of each end. 
Bearing D has 14 thermocouples at the oil-film surface, 10 of 
them in the lower half. and N each had four 
thermocouples disposed on-a circumferential line 3/,in. from one 
end of the bearing at 0, 15, 180, 


Bearings FE, L, 


and 315 deg from the bottom of* 
the bearing, respectively. 

The tests were conducted at a bearing load of 150 psi of pro- 
jected bearing area and with an oil-inlet temperature of 40 C 
(104 F) in most cases. Bearings D, E, and L were tested with an 
oil having a viscosity of 70 centistokes at 100 F. Bearing N was 


. tested with an oil having ‘a 100 F viscosity of 54 centistokes. 
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” TABLE 1 SUMMARY OF BEARING DIMENSIONS 
* Bearing Bearing 
Shaft > Bearing Bore, Inches Clearance, Length, 
Diameter, Inches Maxims Minimn Average Inches Inches 
5 
8.0010 8.0148 | 8.0131 8.0139 0.0129 u 
8.0000 8.0223 8.0190 8.0200 .0.0200 4 
8.0000 8.0358 8.0335 8.0349 0,03h9 
= 
3.9998 4.0166 4.0137 4.0151 0.0153 ~ 
4 
“\Veasured with bearing clamped in test housing. ‘ 
TABLE2 TEST DATAONS-IN. x 4-IN. x 0.0129-IN. BEARING D ‘| 
Speed Shaft Torque Inlet O11 Outlet Oil Max. Obsd. 0il Flow : 
RPM ft-lbs Horsepower Tem., °C Temp. ,. °C Brg. Temp., °C GPM 
250 6b 39.0 40.7 L8.2 0.7 
500 “8.95 0.85 39.3 13.3 48.7 1.0 
1,000 10.9 2.1 40.2 46.0 59.8 1.5 
2,720 17.4 8.9 "40.2 57.3 78.0 3.1 
5,000 ° 2h. 2 23.0 40.5 68.9 5 5.3 
7,510 33.3 47.5 - 98.6 74 
9,500 2.6 76.9 51.8 109.8 130.2 8.6 
4 
TABLE 3 TEST DATA ONS-IN. xX 4-IN. x 0.0200-IN. BEARING I 
Speed Shaft Torque Inlet Oil Outlet O11 Max. Obsd. Oil Flow 
RPM ft-lbs Horsepower Tem., Temp., °C Brg. Temp., °C GPM § 
500 0.9 39.4 39.5 1.7 
500 8.4 0.8 0.0 4.0 1.8 
1,000 11.7 2.2 10.1 Lh. 3 51.2 
1,000 11.1 2.1 0.1 50.8 
3,000 19.3 11.0 "39.8 53.2. 75.2 
6,000 28.7 32.7 39.8 62.7 88.2. 
6,000 ° 27.5 31.3 _ 39.6 62.9 88.2 
9,000 12.6 73.0 43.1 :77.7 103.5 
11,000 61.0° 127.0 47.8 99.5 122.4 


The viscosity-temperature curves for the two oils are shown in 
Fig. 5, together with the density-temperature curve.. 

The results obtained with the four bearings are given in Tables 
2, 3,4, and 5. Runs D, E, and N using bearings D, E,.and N, 
were made with a constant inlet-oil pressure of 10 psi on both oil- 
feed grooves. In run L using bearing L, oil was fed only to the 
groove on the leading or downeoming side of the bearing above 
4000 rpm, and modified inlet-oil conditions were permitted as 
shown in Table 4 because of limitations in the oil-supply system. 


4a 


The oil line to the trailing-edge oil groove was closed above 4000 
rpm. The shaft torques are obtained from the measured bearing- 
torque reactions by correcting for the torque due to the displace- 
ment of the shaft in the bearing at right angles to the load. 

When the results are plotted in the dimensionless form used by 
Taylor, the curves, shown in Fig. 6 are obtained for (7'g)/(pN?D‘L) 
versus (wVDC)/(2v), where the oil viscosity is calculated on the 
basis of the measured outlet-oil temperature. T-he vertical arrows 
indicate the critical values of (rNDC)/(2v), calculated from 
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TABLE 4 TEST DATA ON 8-IN, X 4-IN. 0.0349-IN. BEARING L 


HIGH-SPEED JOURNAL BEARINGS 


Speed Shaft Torque| Horse- Inlet Oil Inlet Oil Outlet O11 Max. Obsd. Oil Flow > 
RPM ft-lbs | Power Press. PSI Temp., °C Temp., °C Brg. Temp. GPM 
1,000 10.4 2.0 10.0 40.0 41.9 9.9 7.6 
1,000 9.5 1.8 10.0 39.8 41.6 49.7 7.6 
2,000 13.1 5.0 10.0 39.7 13.L 55.0 10.0 
3,000 15.8 9.0 3.0 L0.5 47.1 51.9 9.7 
4,000 ws . 3.0 40.2 72.0 10.8 * 
6,000 18.9 21.6 3.0 or |, 52.8 76.7 12.6 * 
8,000 23.7 36.0 3.0 . 39.7 57.2 78.0 13.8" 
10,000 29.9 56.8 3.0 39.6 63.5 6.5 15.3” 
12,000 42.6 94.9 3.0 60.9 99.2 18.2" 
13,000 118.0 2.0 51.7 92.6 5.5 19.3" 
14,000 53.8 3.0 1.5 52. 99.6 121.0 19.6" 
1h, 700 55.7 156.0 0.8 18.3 98.6 12L.0 19.2" 
"os feed to leading edge oil groove mly. 
TABLES TEST DATA ON 4-IN. x 4-IN. x 0.0153-IN. BEARING XN 
Speed Shaft Torque Horsepower Inlet Oil Outlet Oil Max. Obsd, Oil Flow 
RPM ft-lbs g Tem., °C Tem., © Brg. Temp., °C GPM 
1,000 ey 0.3 39.8 43.7 L6.4 0.8 
3,000 3.0 1.7 39.9 48.6 55.5 1.4 
* 7,000 u.6 6.1 39.9 55.8 66.0 2.5 
14,000 7.6 20.1 7L.5 85.4 3.8 
20,000 12.8 18.5 4.9 115.7 4.0 


Taylor's criterion, Equation [3]. It is apparent that runs D, E, 
and N deviate markedly from the theoretical straight-line rela- 
tion at’values of Reynolds number above the critical. Run L 
shows a similar effect, but at a critical value considerably higher 
‘than caleulated. Fig. 7 is a similar plot based on viscosities at the 
maximum observed bearing temperature. It shows the same 
marked deviation from the theoretical curve above the critical 
values of Reynolds number: and, in addition, the straight-line 
portions are more nearly parallel to the theoretical curve, -qua- 
tion [2], 

Surveys of bearing oil-film temperatures made with bearing D, 
among others, have shown that the outlet-oil temperature is 
approximately 
Barber and Davenport (4) have made a similar survey on a 2-in- 
diameter bearing. 


the same as the average oil-film temperature. 


Consequently, the curves in Fig. 6 represent 
the bearing behavior based on average oil-film viscosities, while 
the curves in Fig. 7 refer to bearing behavior in terms of the maxi- 
mum Reynolds number in the oil film. Further refinements in 
the calculation of Reynolds number, such as correcting for the 
_ effect of shaft eccentricity, do not appear to be warranted’, since 
the measured. bearing torque is the summation of the shear resist- 
ance over the entire bearing area. 
Whether comparison is made on the 


basis of average or of 
minimum oil-film viscosity (Fig. 6 or Fig. 


7), deviation from the 


curve representing normal viscous behavior occurs at approxi- 
i mately the point predicted by the Taylor equation. Beyond the _ 
critical point, the frictional resistance of the bearing increases 
rapidly. The critical point for run L occurs at from 2 to 4 times 
the predicted value, depending upon the method of plot chosen, 
It is thought that this extension of the normal range may be 
‘elated to the method of feeding oil only to the leading-edge oil ; 
groove rather than to both grooves as in the other runs. 


Errects Or TURBULENCE ON BeaRING PERFORMANCE 


In addition to the “Taylor plot,” the presence of oil-film insta- _ 
bility, or turbulence, reveals itself in a number of extremely prac- 
tical effects. It affects power loss, oil-film temperatures, oil-flow 
rate, shaft eccentricity, and the Sommerfeld plot. 

Power loss increases much more rapidly with speed after the | 
critical Reynolds number is exceeded. 


Fig. 8 shows the relation — 
of horsepower loss to speed, 


Below the critical point, horse- 
power varies as the 1.4 power of the speed; above the critical 
point, horsepower varies as the 2.7 power of the speed. —_ 
Oil-film temperatures tend to rise rapidly beyond the critical — 
Reynolds number. Fig. 9 shows the maximum oil-film tempera- 
ture, in ternis of the rise above the inlet-oil temperature, asa func- 
tion of shaft speed, and illustrates the rapid rise at high speeds. 
The oil-flow rate is depressed at speeds above the critical point, 
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as shown in Fig. 10, This oceurs in spite of the fact that the 
higher inlet-oil temperatures occurring in the highest-speed runs 
should result in increased flow rates. Thus turbulence tends to 
obstruct oil flow, muchas it does in a pipe line. The oil flow in 
run L is further depressed by the drop in inlet-oil pressure, 

The effect of turbulence on shaft eccentricity is unusual and is 


“shown in dimensionless form for runs E. and L in Fig. 11 in which 


eccentricity ratio, 2e/C, is plotted as a function of the Sommerfeld 
variable (5), based on the oil viscosity at the outlet-oil tempera- 
ture. Above the critical Reynolds number, a sharp break in the 
eccentricity curve is observed. The Sommerfeld number de- 
creases and the eccentricity simultaneously decreases toward the 
value predicted by the hydrodynamic theory for a complete 
cylindrical bearing without end leakage. It is presumed that the 
high eccentricities found in the normal range of operation are due 
to the effects of end leakage (oil flow) and of the oil-distribution 
grooves. The onset of turbulence then tends to reduce the effect 
of these factors. 

Turbulence effects are sharply revealed in the Sommerfeld plof 
tor triction factor (5), Fig. 12. The result of oil-film instability 
is a coefficient of friction greatly increased over the normal \ alue 
at the same Sommerfeld number 
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There is a marked trend today toward higher rotative speeds in 
new turbine and gear designs. In many cases requirements for 
shaft stiffness dictate that these speeds be attained with large 
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shaft diemeters, i.e., at high surface speeds. Do the experi- 
mental and theoretical effects outlined herein indicate a practical 
upper speed limit for cylindrical bearings? 

The interplay of the several factors is complicated. The 
critical Reynolds number is inversely proportional to JC. 
Consequently, the requirement that a bearing of a ‘given size 
operate in the normal range may be stated aa 

N< 
in which K is a numerical constant. 
depends not only on the clearance but also upon the increase in oil 
flow as clearance is increased, and upon the corresponding increase 
in oil viscosity as outlet-oil temperature drops. Operation in 
the turbulent region is more feasible with the lower temperatures 
accompanying larger clearances, but opposed to this is the prob- 
lem of machine alignment introduced by large-clearance bearings; 
for example, the larger clearances required between rotors and 
stators, and the possible improper meshing of gears. What do 
the experiments have to say about transition speeds 
Reynolds number and about practical top speeds? 

The data on the three 8-in, X 4-in. bearings indicate the follow- 
ing relation between clearance and the transition speed at which 
instability sets in: 


Thus the transition speed 


at the critical 


Approximate transition speed, rpm—~ 


Clearance Found Predicted 
D: 0.0129 7000 7500 
E: 0.0200 6000 6700 
L: 0 0349 8000 5500 © 


The experimental transition speed is obtained from the Som- 
merfeld plot, but similar values may be 
plot based on outlet-oil temperature. 
obtained from the Taylor plot using the 
Reynolds numbers. 


obtained from the Taylor 


calculated critical 
Bearing in mind that the experimental tran- 
sition speed for bearing Lis high because of the method of oil feed, 
we see that lower transition speeds may be anticipated 

ances are increased. . 


as clear- 


“The temperatures at the transition speed decrease as the clear- 
ance is increased as follows: 


Approximate temperature, dex C 


Clearance Outlet oil Max bearing 


D: 0.0129 82 96 
E: 0.0200 63 88 
L: 0.0349 57 78 


As a result, operation in the turbulent region will be safer at 
the larger clearances, and the safe top operating speed will inerease 
somewhat as the clearance is increased. 
speed at which a bearing temperature 70 C (126 F) above inlet-oil 
temperature is reached is approximately as follows: 


Speed for 70 C Excess over 


bearing temp rise, transition speed, 
Clearance rpm rpm 
7 D: 0.0129 9000 2000 
E: 0.0200 — 10500 4500 
14000 6000 


L: 0.0349 


showing that the invasion of the turbulent speed region may be 
deeper at larger clearances. Decreasing the oil viscosity would 
be expected to have similar results, that is, it would decrease the 
speed at which the turbulent region begins but make possible 
operation at higher speeds for the same temperature rise. 

The results on run L indicate that the region of normal opera- 
tion may be extended considerably by feeding oil to the leading 
edge or downcoming side only. Confirmation of this effect of 
oil-feed method is furnished by the additional data for bearing E 


The predicted values are 
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upper ,half where the clearance is largest, and 
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at 9000 rpm shown’ in Table 6. Feeding oil only to the leading 
edge removed the bearing operation from the turbulent region, 
reducing the power loss from 73 hp to exactly the value calculated 
for laminar flow, 50 hp. Feeding oil to the leading edge also re- 
duced the outlet-oil temperature, the maximum observed bearing 
temperature, and the oil flow. 


The effect of 4 similar change in 
oil feed at speeds below the 


transition speed is slight. , 


TABLE 6 EFFECT OF OIL 


FEED UPON BEARING OPERATION 
ABOVE CRITI 


‘AL REYNOLDS NUMBER 


(Bearing E, 9000 rpm, 150 psi load 


Critical Reynolds number = 825) 

Oil-feed method Both sides Leading edge ‘Trailing edge 
Inlet-oil temp, deg C_. 43.1 39.5 42.9 
Outlet-oil temp, deg C 70.0 89.4 
Maximum observed bearing 

temp, deg C.... 103.5 98.5 106.2 
Oil flow, gpm... 13.9 10.4 8.6 
NDC: 
a 3110 1290 2270 
2p 
Power loss, hp 73 50 63 
Power loss for laminar flow 
at indicated value of 
rN DC 
21 oo 28 
C'ype of operation....... Turbulent Laminar Turbulent 


Feeding oil to the trailing edge (Table 6), results in much less 
reduction in the power loss which remains much greater than that 
caleulated for laminar flow in the oil film, This method of feed 
also results in a decreased oil flow. However, outlet-oil tempera- 
ture and bearing temperature are highér than when feeding to 
both grooves. : 

The beneficial effect of feeding oil only to the leading edge 
appears to be related to a decreased amount of oil in the upper 
half when feeding in this manner. Pressure measurements in the 
upper half of other bearings have indicated negative gage pres- 
sures with this type feed at locations which show positive 
pressures when feeding to both grooves or to the trailing edge. 
Because of the depressed position of the shaft in the bearing under 
load, the maximum Reynolds number normally oceuts in the- 
consequently a 
reduced amount of oil in the upper half will result in less tendency 
toward turbulence in the bearing. 

The depth of the oil-feed grooves doubtless results in the pres- 
ence of turbulent eddies within them at even moderate speeds. 
These eddies will cause some slight increase in bearing friction. 
A. Rumpf (6), in comparing the performance of a cylindrical 
bearing with one with a circumferential groove in the upper half, 
has aseribed the increased friction of the latter bearing to turbu- 
lence in the circumferential groove. If such a bearing were 
operated with a restricted oil feed so that this groove did not run 
full of oil, considerably reduced friction would be expected be- 
cause of the absence of turbulence. 7 = 


CONCLUSION 


The relation derived by G.I. Taylor for the Reynolds number 
at which fluid instability will begin between concentric cylinders 
with the inner cylinder rotating has been applied to the nonconcen- 
. With diameter-to- 
clearance ratios less than one tenth of those used experimentally 
by Taylor, the existence- and location of the predicted eritical ° 
point have been verified. The transition to turbulent oil-film 
conditions is evidenced by (a) inereased power consumption, (b) 
increased bearing temperature, (c) reduced oil flow, (d) a sharp 
break in the dimensionless shaft-eecentricity plot, and (e) a break 
in the Sommerfeld frietion-factor plot toward higher bearing fric- 
tion. ‘Feeding oil to the bearing through only thé downcoming- 
side oil groove extends at least twofold the region of laminar oil- 


trie case of a journal bearing under load 
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Discussion 


M. D. Hersey.‘ The results of primary interest in this in- 
vestigation are the confirmation of G. 8. Taylor's criterion for 
turbulence under practical bearing conditions, and the explora- 
tion of performance characteristics for an appreciable distance 
into the turbulent region. There are also many important second- 
ary results extending over the normal speed range which will es- 
tablish this paper as one of reference value for some years to 
come, . 


Another form in which Taylor's criterion may be expressed is 


v 77 
vet, (7) | 
n’? \D? 


where N denotes the critical speed in thousands of revolutions per 
minute, D the journal diameter in inches, n the clearance in parts 
per thousand, and » the kinematic viscosity in centistokes. 

A formula for the occurrence of turbulent motion due to longi- 
tudinal flow in the clearance space was derived empirically by 
Edgar Buckingham (7) which may be written 

Cs 
= 2000 


v 


where S denotes the mean speed of flow through the clearance 
space toward each end of the bearing, the other quantities being 
expressed in the same system of units.’ 

In referring to friction coefficients higher than expected from 
the ZN/P curve, it must be remembered that the correct use 
of the ZN /P diagram, under conditions where the density of the 
lubricant can effect its performance, requires a family of curves 
for constant values of the parameter pN2D?2/P, or its equivalent, 
see page 84 of reference (8). It might be of interest to plot some 
of the author’s data at the higher speeds in this manner. 

Mince it is difficult to evaluate the effective film viscosity Z, it 
may be more convenient to work with the inlet viscosity Z,. 
Approximate allowance can then be made for the variation in 
viscosity at different points in the film by introducing an addi- 
tional parameter representing the more essential thermal proper- 
ties of the lubricant, see discussion of the Linn and Irons paper, 

‘Mechanical Engineer, U. §. Naval Engineering Experiment 
Station, Annapolis, Maryland. Fellow ASME. 

The opinions expressed in this discussion are those of the writer 
ahd do not necessarily reflect the views of the Navy Department or of 
the Naval Service at large. 
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page 623 of reference (9). This parameter may be written aP/q 
where a is the temperature coefficient of viscosity at the inlet 
temperature and q the mean heat capacity of the lubricant per 
unit volume. A separate family of curves will be required when 
any great change is made in the parameter p,/P representing the 
ratio of inlet pressure to the load per unit area. Once laid out, 
such curves would be expected to apply to all geometrically 
similar bearings of whatever size, and to other lubricants besides 
those actually used in the tests. Two additional parameters are 
needed when loads are reached involving elastic deformation and 
the change of viscosity under pressure. 

The beneficial effect of feeding oil only to the leading edge 
suggests that the conditions then prevailing are in some degree 
those of an externally pressurized bearing (3), and that the tend- 
ency for thermal expansion of the cooler entering oil also con- 
tributes to the lifting force of the film. 

It is recommended that the factor g be omitted from Equation 
[1] in future publications. As it stands, this equation appar- 
ently states that the same operating conditions will create a 
greater friction torque on Pike’s Peak than at West Lynn, Mass., 
which is plainly false in a physical sense, however accurate it may 
be made by virtue of specially chosen units. Lord Rayleigh (10) 
called attention to the practice of many engineers of putting g in 
their descriptions of phenomena that are in no way influenced by 
gravity, and leaving it out when it should be in. The aim of his 
criticism was to set up equations that will not merely serve for 
slide-rule work, but will convey a true physical picture of what 
happens. 
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H. Porrrsky.® Offhand, one would not associate oil flow in 


“bearings with the turbulence, and most of the theory of lubrica- 


tion phenomena is based on the assumption of laminar flow of oil. 
The author is therefore to be congratulated on his precise de- 
lineation of one field of lubrication phenomena in which turbulent 
motion prevails. 


It is of interest to point out that the turbulence occurring in the, 


space between two cylinders of which the inner one is rotating and 
the outer one is stationary, first studied by Lord Taylor, is one of 
the few known eases of fluid motion in which it is actually pos- 
sible to predict from theory the onset of turbulence. Turbulent 
fluid flow in a pipe, first studied by O. Reynolds some 90 years 
ago, has not as yet been fully explained. 

The physical reason for the onset of turbulence in the case of an 
inner rotating cylinder may be visualized as follows. In laminar 
motion, the fluid particles move in circular paths with velocities 
varying from zero at the outer stationary cylinder to the speed of 
rotation at the inner cylinder. Thus the centrifugal foree which 
tends to throw the particles out radially is largest on the inside 
and decreases to zero on the outside. The situation is completely 
analogous to a stationary layer of air which is warmed by contact 
with a heated surface at the bottom (for instance, atmospheric 
air, heated from the surface of the earth through the energy ab- 


“sorbed from solar radiation), and acquires buoyancy proportional 


to its temperature rise. When the temperature gradient becomes 
Consulting Engineer, General Electric Company, Schenectady, 
N.Y. Mem. ASME. 
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sufficiently large to overcome viscous resistance, convection cur- 
rents will tend to get set up. Since the warm, lighter air cannot 
rise simultaneously everywhere, it is to be expected that circula- 
tion will be set up, with the warm air rising at some places and 
cooler air descending elsewhere. Thus vortexes will be set up. A 
similar situation occurs in the fluid between a rotating and a sta- 
tionary cylinder. Taylor's theory actually predicts size of these 
vortexes, and Taylor verified it by injecting ink in the fluid be- 
tween glass cylinders. Since he was concerned only with onset of 
turbulence, and used a linear theory retaining only the first 
powers of the circulation amplitude, he did not predict the am- 
plitude of the vortexes, nor the increased losses which gccur as a 
result of onset of turbulence. 


M. C. Suaw.® When one cylinder rotates concentrically rela- 
tive to another cylinder the motion of the fluid between the 
cylinders is observed to change its character with the speed of 
rotation. At relatively low speeds the fluid particles have cir- 
cular paths, as in ordinary journal bearings which operate at 
‘normal speeds. As the speed is increased inertia forces become 
significant and pairs of ring vortexes are found to appear in the 
film. As the speed is further increased the orderly vortex motion 
gives way to turbulence. Interesting photographs of the vor- 
teXxes formed during the second type of motion have recently been 
presented by W. W. Hagerty.’ This type of motion as well as 
turbulent motion in which there is a random intermingling of 
stream tubes will give rise to greater friction, temperature rise, 
ete., than will be obtained with the more usual laminar type of 
flow. 

The experiments described by the author. show a significant 
deviation from the friction characteristics based upon Jaminar 
flow with circular streamlines. However, from the data pre- 
sented, it cannot be determined whether this increase in friction is 
due to the appearance of vortex pairs or truly turbulent motion. 
The critical value of Reynolds number given by Equation [3] is 
for the transition to turbulent motion. Therefore the statement 
in the conclusions that “‘. . .the existence and location of the pre- 
dicted critical point have been verified’? might possibly be too in- 
clusive, since the increase in friction might be due to the onset of 
vortex motion rather than turbulent motion. In fact,-one should 
expect the initial deviation from the laminar friction curve to be 
due to vortex motion; and a second rather abrupt increase in 
friction to accompany the beginning of turbulence. 

A series of tests with concentric spheres havebeen reported*®»?:”,"! 
by French workers which are of interest in connection with this 
problem. The friction torque was carefully measured when the 
inner sphere was rotated and the outer sphere was held station- 
ary. At the same time the nature of the motion of the fluid was 

* Associate Professor of Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. . 

7“Use of an Optical Property of Glycerine—Water Solutions to 
Study Viscous-Fluid-Flow Problems,” by W. W. Hagerty, ASME 
Preprint 49—APM-21. 

§**Mesure du moment d'un couple par emploi du moteur chrono- 
metrique. Application A l'étude de la viscosité,” by A. Guillet, 
Comptes Rendus, vol. 200, 1935, p. 442. “Sur le ‘viscosimétre con- 
stitué par une sphere en rotation au sein d'un fluide, by A. Guillet, 
Comptes Rendus, vol. 200, 1935, p. 1522. 

*“Contribution l'étude experimentale de phénoménes anomaux 
en mecanique des fluides visquex,’’ by M. Jacques Huetz, Comptes 
Rendus, vol. 223, 1946, p. 534. 

“Sur l’existence de plusieurs régimes, ot les forces de viscosité sont 
linéaires en function de la vitesse,"’ by M. Jacques Huetz, Comptes 
Rendus, vol. 223, 1947, p. 1205. 

10 “Sur le couple de viscosité entre deux sphéres by 
M. Aubert and Jean Villey, Comptes Rendus, vol. 224, p. 1271. 

'““Movement of a Viscous Fluid Between “Two Concentric 
Spheres,”’ by F. Charron, Publications Scientifiques et Techniques du 
Ministere de L’air, No. 208, 1947, p. 1. 
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observed as in Taylor’s experiments. It was found that at low 
rotative speeds the fluid moved in circular paths parallel to the 
equator, but as the speed was increased vortex pairs appeared due 
to inertia effects. The fluid in the upper hemisphere was ob- 
served to move downward along the moving member, being de- 
flected upward ypon reaching the equator and thence flowing 
along the stationary member. At the same time a circulatory flow 
was established in the lower hemisphere in the opposite direction. 
The friction torque was observed to rise abruptly from the value 
corresponding to the usual flow with circular streamlines with the 
‘onset of the vortex motion. The observed increase in torque 
above that expécted for circular stream lines was as high as 46 
per cent, all of these tests being performed well below speeds re- 
quired to give turbulence. Deviation from the usual curves was 
observed at very much lower speeds with spheres than the values 
Taylor found for cylinders for comparable values of clearance, 
diameter, and viscosity. .Incidentally, these studies upon con- 
centric spheres now verify the inertia induced circulatory flow 
postulated by Shaw and St rang’? to explain the mode of operation 
of the Hydrosphere. 

The tests presented in this paper are for a begring in which the 
journal is in motion while the bearing is at rest. In discussing the 
question of turbulence-in the oil film of a high-speed bearing in 
connection with a paper presented by A. E. Roach at the 1948 
Annual Meeting, it was pointed out!’ that even though Taylor ob- 
served different critical speeds for turbulence when either the 
outer or inner cylinders are rotated, this difference in the two 
critical speeds converges as the clearance-diameter ratio is de- 
creased. By extrapolation the two critical speeds are found to 
converge to the same value for values of the clearance-diameter 
ratio usually employed in lubrication. Thus the material given in 
this paper should also be applicable to high-speed bearings in 
which the journal is station: iry and the bearing surface is in mo- 
tion. 


AvuTHOR’s CLOSURE 


The author appreciates the helpful comments which the 
discussers have given. It is important to be able to delineate 
the region in which normal bearing operation with laminar oil 
flow in the bearing film can be expected; and the additional 
evidence cited will help'in this regard. 

It is not felt that the effect of feeding oil only to the leading 
edge in extending the region of laminar flow is due to the condi- 
tions mentioned by Mr. Hersey. In fact our measurements 
indicate that the shaft is riding somewhat lower in the bearing 
under these conditions, in agreement with Fig. 11. In: othe: 
words, nonlaminar flow tends to restore the shaft toward the 
bearing center. 

Mr. Hersey’s recommendation on the use of the factor g is ac- 
cepted with thanks. The confusion results from the failure to 
use a consistent system of units in the discussion. 

The term turbulence has been used somewhat loosely, as Dr. 
Shaw points out, to mean “nqnlaminar flow.” The experiments 
indicate a gradual transition from the laminar region, which 
may be the region of vortex flow. Mr. Taylor's experiments at 
large clearances show the same type of transition, and in addition, 
his visual observations. showed that beyond the transition 
region turbulence was experienced. 


Hydrosphere—A New Hydrodynamic Bearing,’ by M. 
Shaw and C, D. Strang, Jr., Journal of Applied Mechanics, Trans. 
ASME, vol. 70, 1948, pp. 137-145. Discussion, Journal of Applied 
Mechanics, Trans. ASME, vol. 71, 1949, pp. 93-98. 

The Lead-Carrying Ability of Hydrodynamic Oil Films,” by 
A. E. Roach, Mechanical Engineering, vol. 71, 1949, pp. 293-296 and 
326. Discussion by Milton C. Shaw, Vechanical Engineering, vol. 
71, 1949, pp. 763-764. 
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In 1945 Ackeret and the author made the first presenta- 
tion in the United, States of the basic theory and results 
of tests on the closed-cy.cle gas-turbine process, which had 
been pioneered by the author’s company. Since then the 
development has progressed rapidly and larger industrial 
installations have been made. Compressed high-tempera- 
ture air and other gases, used in closed-cycle turbines, 
have led to new designs of components and plant layouts. 
This paper describes new stationary units which will be in 


«a 


operation in the near future and discusses future work 
and possibilities. 


HE gas turbine with a closed externally heated working 
‘| cycle and variable pressure level is still a young proposal. 
The first plant of this kind, a test unit at the Escher Wyss 
works, produced 1000 kw for 7 hr in January, 1940. Early ex- 
perience with this plant, theory of the cycle, and constructional 
proposals were covered in a paper (1)? presented in 1945. 

Since 1945, when necessary materials again became available to 
industry, “has been rapid. Further ex- 
perience has been gained with the test plant, research has gone 
«head on individual components, and two large installations are 
under way. This report supplements the 1945 paper by covering 
the work of the past 4 vears and outlining expected future trends. 

In relation to its size, Swiss industry has made a great effort to 
bring the industrial gas turbine into being. Each firm, relying on 
its own resources, has taken the risk involved in exploring and de- 
veloping one of several gas-turbine eye yele s 
losed. 

Our work has been mainly The ad- 
vantages we believe to be inherent have been discussed in pre- 
vious papers (1, 4). They can be summarized as follows: (a) 
Suitability for plants of large size; (6) possibility of using solid 
fuels; 


Swiss development 


open, semiclosed, 


with the closed eyele. 


(c) use of clean air under pressure in working cycle gives 
«ivantages in design of rotating machinery and heat exchangers; 
and (d) regulation by variation of pressure level yields good part- 
loud characteristics. 

At present, one other firm which has been licensed under the basic 
patents Escher ve Messrs. 
Brown & Co., Ltd., Clydebank, Scotland, as our licensee in Great 
Britain, is also manufacturing pk ints of this kind. These will be 
referred to in this paper. 


holds in most countries: John 


To avoid splitting our resources (man power as well as funds) 
have concentrated first on the most promising projects 
plants for central stations, industrial use, and ships (2). We have 
made only preliminary studies of closed-eyele possibilities for 
vehicles, aircraft, 
which would seem to be a most promising application in the future 
(4). 


locomotives, and atomic-energy conversion, 


' Escher Wyss, Ltd. Mem. ASME. 

* Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Contributed by the Gas Turbine Power, Power, and Aviation 
Divisions and presented at the Annual Meeting, New York, N. Y.., 
November 27—-December 2, 1949, of THe AMERICAN Society oF 
MecHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
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losed-Cycle Gas 
Escher Wyss—AK Development, 1945-1950 


By CURT KELLER,' ZURICH, SWITZERLAND 2 
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Turbine 


Actual designs for the two 12,500-kw plants now under con- 
struction are based to a considerable extent upon experience with 
the 2000-kw shop plant and laboratory tests of components. We 
have been deliberately cautious in introducing new features and 
extrapolating from known information. Thus the essentially 
conservative design of these plants should not be regarded as more 
than an essential stage of development. Further progress, es- 
pecially concerning size and simplification of heat-exchange ap- 
paratus, air heaters, and the like, as well as further improvements 
in machine efficiencies, are definitely in sight. Nevertheless, the 
plants under construction are expected to show a heat rate of 
10,000 Btu per kwhr. Every future rise of temperature will yield 
about three times as much efficiency gain as it would with steam, 


Fig. 1. Herein lies a major cause for optimism regarding the 
future application of gas turbines. 
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LonG-TImMe OveRATING Exvertence Test PLANtr 


As the 2000-kw test plant is in many respects the basis of our 
present.designs, a review of its 10-year record forms a good start- 


ing point. Despite many severe trials, it is still in good con- 
dition and ready for further work, Fig. 2 

Total running time (till spring, 1949) is close to 5000 hr. Apart 
frgm trial runs, more than 2.5 million kwhr have been delivered to 
the grid. Official tests (5) were run after about 1000 hr tota! 
service, including a first 50-hr nonstop run at 650 C and 1000 kw 
output in 1943. After successful official tests in 
December, 1944, attention was focused on tests of component 


December, 


parts and especially on regulation, to check theoretical ealeuls- 
tions. 

In the test plant, the high-pressure turbine drives the com- 
pressor at 8000 rpm and the low-pressure turbine drives the 
generator at 3000 rpm. A gear set couples these two groups acid 
maintains the speed relation. Tests on the pilot plant, 
this intermediate gear, proved that with suitable simple 
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Fic. 2.) View or Macuine Set or Escuer Wyss 2000-Kw Test 
PLANT 
(From left to right are’ shown compressor, high-pressure turbine, lov 
pressure turbine, generator. Note absence of inlet valve te high-pressu 
turbine. Vertical air accumulator in background.) * 


lating devices, the two groups are stable. Thus in most of tl 
coming plant designs, the two turbine groups will run entiré! 
separately. 

Scarcity of hydroelectric energy in Switzerland during aa past 
three winters offered the possibility of long nonstop runs, furnish- 
ing electricity to the town grid. The energy produced corre- 
sponded to the daily need of the Escher Wyss works. The main 
continuous operating periods were as follows: 

Firet run, ended March, 1047... lr 


Second run, ended November, 1947........ .... ...1243 hr 
Third run, ended March, 1949................. .. 1338 hr 


All these were continuous, day and night, without any im- 
portant interruptions caused by basic failures of the plant. A 
few short stops of several hours were caused by minor troubles 
with auxiliaries, electrical equipment, and instruments. We be- 
lieve this represents a high order of reliability for a plant built for 
laboratory work, with much temporary auxiliary equipment. 
During the last long runs, two untrained men operated the plant 

_each shift. 

Neither air heater nor machines have experienced detrimental 
fouling. Air-heater tubes have never been cleaned since the be- 
ginning in 1940. Their surfaces are still almost unsoiled. Furnace 

. oil as employed in Switzerland for industrial purposes, and syn- 
thetic oil were used. These are not the crudest grades. * 


Despite direct exposure fo flame radiation, tube bundles are, 


still in good order, Fig. 3. Since the beginning, about 250 starts 


and stops have been made, with corresponding ‘heating and cool- 


ing. Nevertheless, over-all efficiency today is not lower than’ 


during official tests 4000 hr earlier. Average efficiency of the last 
1338-hr run (loads between 650 and 800 kw, temperatures be- 
tween 620 and 650 C) was 24.2 per cent, based on lower heating 
value. This corresponds well with the Quiby figure, taking 
account of temperature corrections. Between the second and 
third long-time runs, there was no revision or overhaul of 
machinery. , The set was started at the beginning of 1949 in the 
same condition as at shutdown a year before. 

The worst accident occurred after 1200 hr of running, in 


a 


Fic. V1 I I ( [BER Ol sT-PLANT AIR 
Heater, Seen From-Tor Unper Operation’at One Toirp 
Loap 


Fic. 4 Brokxesx Rim or First Stace or Experimentat TurBINE 


December, 1943. The rim of the high-pressure turbine’s m4 
stage broke off; rotor and blading were badly damaged, Fig..« 


Close investigation furnished valuable information on the be me 


havior of high-alloy heat- -resisting steels. " Followi ing older steam- 
turbine practice, blades were attached to the first disk in a T- 
groove, not- with the “fir-tree”’ fastening common today. Caleu- 
lated stress in the outer rim from blade centrifugal forces 
amounted to about 17,000 psi. Due attention had not been given 
to rounding-off the T-root, and a sharp netch produced stress 
“concentrations, Actually, a maximum stress of 28,0 10 to 35,000 
psi must have been produced. This corresponds to the value 
which will cause rupture of this*kind of material (Poldi AKRV 
steel—11.2 per cent Cr, 12.4 per cent Ni, 2.5 per cent Wo) in 
about 1000 hr. Tests established these values long after our rotor 
was ordered in 1935. In our new machines stresses are much 
lower. 

The blades, of ATS sail (17.6 per cent Cr, 9.3 per cent Ni, 1 
per cent Wo), behaved well. They were bent and twisted but 
none was broken. Ductility of the material had not suffered 


during its high-temperature service and there was no embrittle- - 


ment. 

Over the years, compressor design has changed to take ad- 
vantage of later knowledge. Before putting new rotors into 
service in the test plant, efficiencies were carefully measured on a 


Z 
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special test bed. During the tests an amazingly quick and pro- With no change in fuel-pump delivery, inlet temperature rose 
nounced drop in rotor efficiency of 3 percentage points was Steadily, but at only 10 to 15 F per min. Increase in output 
measured after 12 hr, with ambient air taken from‘a relatively from temperature rise was compensated automatically by gradual 


clean workshop. lowering of circuit pressure brought about automatically by the 
Such compressor-efficiency drops would influence performance governing gear. 
of the whole plant to a considerable extent. In two-stage plants 4 
‘of the kind we build, a 1 per cent compressor-efficiency drop re- A B Cc oO - 
sults in 0.5 point loss of efficiency for the entire plant. This is 
equivalent to about 1.5 per cent rise in fuel consumption. Such 
: detrimental effects of fouling are not encountered when the cycle noo ‘ Temperature 
is fully closed, as the long-time runs of the test plant demon- og HP_Turbine 
Regulation of closed-cycle plants has been explained in earlier —_ ” 
: publications (6). + Practical operation of the test plant has ; 
proved that pressure-level variations combined with by-pass - [| Fuel consumption 
connections between high-pressure and low-pressure sections of 
the circuit can meet the demands usually imposed on steam- 
turbine plants. This principle was adopted for the 12,500-kw 
sets. Absence of moving parts, such as regulating valves, spindles, ° 
or, throttling devices in the high-temperature region, and con- 
Stant temperatures at each part of the plant for all loads, prove Pe 
practical assets. 
Because of accumulated heat in tubes and walls of the air Pressure 7 
heater and heat exchanger, combustion regulation need not } Pol — | 
follow load fluctuations quickly. If combustion rate is not | : 
properly adjusted, air temperature changes only relatively : 
slowly. A load change as a consequence of altered temperature ~ oe 
conditions will be compensated temporarily by a corresponding 
modification of pressure level. Fig. 5 shows the small change in : 
pressure level (P/P)) which is needed to hold plant output constant 
i 
° 10 20 30 40 Min 
Fic. 6 Tesr Resutts as ro AccuMULATING Errrect at VARYING 
Suppty Loap 1x EXPERIMENTAL TURBINE 
; Retween points B and C, load increased without an extra supply 
P of fuel. Temperature still rises first as there are inertia effects, 
: /— At point C load has reached its original value. Fuel supply re- 
i mains constant to point D. This brings temperature to a maxi- 
0.8} ‘ _—— mum value of 1160 F. It then drops again. At point D fuel 
a | : | supply to air heater was suddenly reduced to 65 percent. Normal 
0.6; | 1 + — output could be secured, in spite of falling turbine temperature, — 
. by the automatic pressure compensation (Py rose between D and 
= NORMAL Shutting off fuel supply completely makes an impressive 
4 y CONDITION P demonstration. With the test plant running at 1000-kw load, 
Fic.& Compensation or Temperature Variation py Cuancing — Shutting oil supply off for a minute or two proves only slightly 
Pressure Lever noticeable at the kilowatt meter. While these characteristics will 
be less pronounced in bigger plants because they depend on 
i as turbine-inlet temperature varies. If, for instance, burner in- volumes and heat copaaity “ the installation, they will, in 
terruption causes a sudden drop from 650 to 600 C, a rise of — Principle, help to make the set insensitive to unforeseen changes 
only 12 per cent in pressure level, by releasing cold-storage air First Crosep-Cycie PLants ror Cenrrat 
from the accumulators to the circuit, restores normal load. Such 
. effects were quite clearly demonstrated in the test plant. At present, three closed-cycle plants are under erection, two for 
It is impressive, for example, to see that one can change fuel in- power plants and one for waste-heat use in a gas works. The 
jection for several minutes without appreciable effect on output. central-station designs will be considered first, the industria] 
Fig. 6 shows results of such demonstrations. Before point A, plant later. 
conditions were constant with normal output No, maximum pres- Electricité de France has ordered a 12,500-kw oil-fired set for 
4 Sure Po, inlet temperature of 1050 F, and fuel consumption Go. the St. Denis power station in Paris, Figs. 7 and 8. This plant 
At point A, load dropped suddenly to about 40 per cent of No, and will start operation late in 1950. Its regulation system enables 


~ continued for about 10 min, to point B. Pressure level fell, too. it to follow load fluctuations independently of the network. This 
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Fic. Mover or Dunner 
INSTALLATION 
(Seen from right lower corter of 
Fig. 10.) 


system works on the priuciple tried out in the test plant, using 
cold-storage air for changing pressure level in the circuit. Allowa- 


ble generator speed variations for different load fluctuations are 


about the same as in corresponding steam plants. A heat rate 
of about 10,000 Btu per kwhr is expected. At full load, working ® 
a 


data are: Inlet of high-pressure turbine, 750 psia, 665 C; inlet of 
low-pressure turbine (reheat), 255 psia, 675 C; back pressure, 65 — 
psia. 

Layout of equipment was conditioned by a need to utilize 
given space in the old powerhouse. To provide good 1 accessi- 
bility to all parts of this first industrial set, components are 
separated. This leads to unnecessarily long piping. The air 
heater stands in the center of the machine group. It extends into 
the cellar, which is unnecessarily high because the machine floor 


already existed. 
Another 12,500-kw unit is being built by John Brown & Co., 


for the Carolina Port power station (Dundee) of the North of 7 
. Scotland Hydro-Electric Board, Figs. 9 and 10. This forms part 
of the hydro scheme under development in Scotland, and it will 
9 te operate as a base-load or stand-by plant depending on future 
. needs. Regulation will be effected by pressure-level variation, 


but, as unforeseen load fluctuations will not occur in the same de- 
gree as at Paris, the system is somewhat simpler. No compressed- 


. air accumulators are necessary; auxiliary reciprocating compres- 
sors introduce or withdraw air from the circuit. These take care 
of any eventual leakage also. Main circuit data for Paris and 
Dundee sets are the same. 

_ This second set had to be fitted into an existing powerhouse 
also. As Fig. 10 shows, main machines and apparatus could be 
arranged in parallel, leading to shorter pipe connections. Good 
accessibility to major units is assured. Foundation height of this 
installation is less than that of the Paris plant. The two layouts 
show that a wide variety of machine arrangements is possi! 

In both cases, no special “boiler” room is foreseen. Machines 
can be easily dismantled as all inlets are below the machine 


floors. 
If necessary in future plants, the space required can be reduc ed 
by combining the different elements. Fig. 11 shows a model of an 
ideal arrangement for a pulverized-coal-fired plant. The layout 
Fic. 10 Generat Layout or Dunpee Instattation differs little from steam practice. Air heater and associated firing 


(Courtesy of Messrs. John Brown & Co., Ltd., Clydebank, and North of 


Scotland Hydro-Eleetrie Board; 8, chimney, other numbers same as Fig. gs.) equipment would be separated from the machine set and heat ex 
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ehanger. Since the, heater uses no water, it is highly suited to . 
outdoor installation. 

On the’machine-house ground floor, the regenerator is in line 
with the low-pressure turbine driving a compressor and generator. 
All the coolers are at the same level, beside the regenerator. The 
second floor carries the high-pressure turbine driving a compres- 
sor. This arrangement leads to short piping while providing 
(In Fig. 11, floors 


ample Space for operation and maintenance. 
are partly omitted to show equipment.) 
DescRIPTION OF MAIN COMPONENTS 

Figs. 12 to 19, inclusive, show some main parts of the 12,500-kw 
At the time 
this paper was written, sonre parts were still unfinished and erec- 
tion ef the power group in Psiris was only just beginning. 
Fig. 12 shows the high- 


sets during manufacture at the Escher Wyss works. 


Small size of the machines is impressive. 
pressure rotor having an actual output of 14,000 kw—it is only 20 


Fig. 11 
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in. diam. Small dimensions lead to comparatively low maximum 
stresses in blades and rotors. These do not exceed 7500 psi at 
8500 rpm and full load. The usefyl-output turbine of Fig. 14, 
actually produces 18,500 kw, running at 3000 rpm. Tip diameter 
amounts td only 42 in. j 

Turbine and compressor shafts are sealed by. compressed air - 
withdrawn from a suitable point of the cycle, and oil sealing 
toward the ambient air. -Fig. 14 shows this sealing arrangement, 
which proved quite satisfactory in the test plant, at the inlet side 
of a compressor. Sealing air for turbine shafts arrives at some- 
what higher pressure than in the turbine and therefore flows into 
it, where it also serves to cool the first disk. ; 

Model tests and calculations have been used in a careful study 
of cooling. Too-cold incoming air gives rise to temperature 
stresses in the rotor. Therefore, air of suitable higher tempera- 
Cooling effect is high because we work with high- 
the 


ture is used. 


pressure air from circuit. Approximate temperature dis- 
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1l(a) Proposep Layout ror 12,000-Kw Coat-Firep PLant 
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Hicu-Pressure Tursine Casinc anp Rotor or Paris Erection 


(Rotor output 20,000 hp.) 


13. Roror or Low-Pressure Tursine or Panis Set UNDER 
X-Ray CHECKING 


(Disks are welded on shaft. Rotor output 26,000 hp.) 


tribution for the high-pressure turbine is shown in Fig. 15. All 
temperatures are appreciably lower than maximum temperature 
of working air. : 

An’electrical analog was used to work out the temperature dis- 
tribution. Similarity between differential equations for heat 
flow and an electric field can be used in model tests. Electrical 


Fig. 14 Compineo SEALING FoR SHArts 


(Dotted lines = pressure oil; solid lines = pressure air.) 


field lines represent temperature distribution. Boundary con- 
ditions are represented by different resistances arranged along the 
border of the model in the electrolyte tank. Fig. 15(a) shows 
simple test equipment for evaluating temperature of the turbine 
shaft at certain working conditions. 

As described previously (i), turbines and high-temperature 
sections of piping employ double-casing construction, with an 
intermediate insulating layer. This permits saving heat-resisting 
material. For instance, casings fer both turbines are entirely of 
normal molybdenum steel as used for steam turbines. Fig. 16 
shows the thin inner shell of the low-pressure turbine. The thin 
wall which leads incoming air to the first guide wheel is per- 
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635°C 660°C BLADE TEMPERATURE 


Compression’ of circuit air from 65 to 2 210 psig i is handled in two 
stages by axial compressors, and from 210to 750 psig by a 
; gal compressor, as volumes are already smaller here, Fig. 
SHAFT CENTER Three intercoolers, Fig. 18, are used. High pressures m: re 
dimensions of tube nests relatively small. 


Regenerator design is basically the same as in the test plant 

Fic. 15 (above) anv 15(a) (below) Device ror Evatuatine Te M- * Fig. 19 shows the lower half of this counterflow apparatus. Te i 

PERATURE DISTRIBUTION IN CooLeED Macuine Parts experience with the old regenerator was quite satisfactory! no- 
(Example for high-pressure gr petncr alg a n model fn center of Fig. soiling of the small tubes occurred. Tubes are normal mild steel. 

; Individual tube nests are welded into conical, headers from 
forated so that pressure differences on both sides do not occur ‘which a connecting tube of larger diameter leads to the -. 
when changing load. Absence of any regulating device, such as plate. 
inlet valves, and I ack of distributing ch: ambe ers facilitate this The bent flexible tubes take up diffe rences in elongation between 
kind of design. hot tubes and cold shell. 


17) Seconp Mepium-Pressure Compressor Raptat Hicu-Pressure Compressor ror Paris St 
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Arr-HeEATER DesiGns 


At present, the main difficulty in air-heater design is to choose 
the best construction out of a great variety of possible solutions, 
all of which have their pros and cons. In this the development re- 
sembles that of the steam boiler. Some of the basic ideas have 
already been’ discussed (mainly for oil firing) in previous papers 
(1). 
perience, we find that much has been gained by simplification. 


If we compare older designs with today’s ideas and ex- 


es Finnep Tunes ror Inter- 


Bes 


S ONE 
KS . 


, (Tube nest is enclosed in eylindrical pressure shell.) 
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As a matter of fact, air-heater questions needed most re-exam- 
ination in Comparison with earlier projects. This is quite natural 
It is one 
of the most important parts of the closed-cycle plant from the 
economic aspect and we realize that much of the closed cycle’s 
future depends on air-heater design. In the St. Denis plant, the 
air heater represents about 30 per cent of the total weight and cost. 

Our studies show that great simplifications become apparent, as 


since the air heater represents an entirely new element. 


we advance from the rather conservative layouts intentionally 
adopted in the first units. To appreciate the considerations lead- 
ing to this choice, we should recall that, in principle, heat can be 
transferred from fuel to working air through heater surfaces by 
radiation or convection. Radiation is best in theory; it does not 
require any pressure drop on the gas side and results in the small- 
est surfaces. 

This kind of heater will be the eventual solution. However, at 
the time of designing the first industrial plants some years ago, 
more expet basic information and test figures were available on 
convection heat transfer. The first Paris air heater is, therefore, a 
pure convection-type tubular heat exchanger with counterflow 
layout. Temperature of combustion gas entering the tube nests is 
only about 1000 C. 
brings the temperature down. 


Recireulated gas mixed with combustion air 


Further designs based on latest heat-transfer tests have shown 
that a crossilow convection-type tubular heater yields a great 
saving in space and weight, the latter being only about 60 per 
cent as compared with the first tvpe. After securing enough 
test figures for calculation, this later type of air heater was chosen 
for the Dundee plant. To reduce heat-transfer surface, pres- 
surized firing is adopted in both cases, as convection transfer co- 
efficient on the gas side rises sharply with pressure. Use of about 
15-psia combustion pressure reduces the surface to at least one 
half that necessary with atmospheric pressure and no radiation. 
Combustion-gas volumes are also reduced, which leads to smaller 


piping and fans. 


BunpDLes ror Paris Heat ExcHANGEeR 
(Tube diameter '/¢ in.) 
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Greater use of radiation heat permits reducing air-heater sur- 
faces without pressurized combustion. We did not choose this 
system first because we needed additional information and ex- 
perience on tubes directly exposed to hot flames. Tests and 
calculations made in the meantime show that earlier fears about 
deformation and temperature stresses from unequal heating were 
overemphasized because assumptions for initial calculations were 
The test-plant air heater, the first ever built, in- 
cluded a radiation-tube wall and encounter ved none of the ex- 
pected difficulties in operation, Fig. 3. . 


too primitive. 


A closer study of conditions in radiation tubes with high wall 
Normal calculations 
assume heat radiated from combustion space to tube wall coming 
in over half of the circumference, Fig. 20. Without allowance for 
heat transfer in a peripheral dire ction and interradiation to the 
opposite side of the tube, a rather big temperature difference re- 
sults for conditions existing in the hottest parts of air-heater 
tubes. 


temperatures revealed new phenomena (7). 


A more exact calculation shows that, because of circumferential 
heat flow in the relatively thick tube wall, temperature differences 
are appreciably smaller than they would be assuming only heat 
flow perpendicular to the wall. Effect of interradiation of the 
inner tube surface in leveling up temperature variations can be 
taken into account quantitatively and proves to be considerable at 
temperatures above 600 C. Thus final temperature variations 
and resulting stresses are muc ‘+h smaller in actual cases than the y 
seem at first sight, Fig. 20. 

It was Jogical that early development of air heaters was based 


on ideas prevailing in boiler practice. We made many studies in 
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EXAMPLE OF TEMPERATURE AND Stress D1sTRIBTION IN 
Heater Tuses Exposep To OnE-SipE RapiaTION 


(Curve (a) Without circumfefential heat transport in wall and without 
interradiation. Curve (b) Actual conditions.) 
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this direction but this leads to*complicated and costly construc- 
tions and readily foreseeable difficulties of expansion and non- 
uniform temperature distribution. A symmetrical arrangement of 
tubes around the combustion space helps to avoid local overheat- 
ing. This point need not be faced to Such an extent in boilers. 
Their wall temperatures are comparatively low, whereas in air 
heaters poorer heat transfer inside tubes causes metal tempera- 
ture to approach within as little as 50 C of the temperature of 
the working medium. left for the 
material. 


Thus no large margin 
A symmetrical arrangement which assures uniform admission 
to the surface is essential. Care must be taken that flamé does 
not reach individual tubes. Many of oyr newer designs for oil- 
and gas-fired air heaters, as well as for pulverized-coal firing 
are therefore of cylindrical, symmetrical type, with a central 
For reheating, high and low-pressure tube 
systems can be combined suitably in one shell. 
from long pipe connections. 
21 to2 
design and size of choice of basic heat-transfer mechanism. 


This avoids losses 
Figs. 23, all at the same scale, show the great influer nee on 
Sti urt- 
ing from the conservative counterflow convection air heate r, de- 
velopment leads to the crossflow heater. Its main advantage is 
absence of the many guide walls needed in the counterflow type. 
Accessibility is good and individual tube bundles can be replaced 
(All heaters, Figs. 21 to 23, for 12,500-kw sets. ) 
Adoption of radiation transfer, with’ atmospheric firing, gives 
the simplest layout. 
for coal firing. As radiation intensity of coal.flames is rather 
high, the mean temperature in the combustion space must be re- 
duced. Therefore we foresee need for recire ulating a 
large amount of flue gas. 


easily. 


This air heater should also prove successful 


rather 
To keep slag-ash particles as far away 
from the tube wall as possible, recirculated flue’ gas is blown in 
along the whole length of the tubes and all around the circum- 
ference of the combustion chamber between the spaced tubes. 
This gas stream blows impurities away from the tube surface and, 
as it is comparatively cool (500-600 C), it has the additional effect 
of cooling and granulating ash particles. It ean be seen that a 
pulverized-coal-fired air heater should not differ mue ‘h in principle 
and components from units alre: ady built. 

Cylindrical design permits use of many identical tube serpen- 
tines and headers for both high- and low-pressure systems. * One 
design, Fig. 23, is based on figures for combustion rates (20,000 
Btu per cu ft per hr) corresponding to those of modern boilers. 
Maximum wall temperatures and stresses are of the same order as 
for pressurized .oil-fired heaters, and the surface per kw is about 
the same. This design can. be used for solid fuel as well as for oil. 
With oil-firing, the quantity of flue gas recirculated is reduced. 
This results in higher combustion-space temperature, compen- 
sating for lower radiation intensity of oil flames. 

Over-all dimensions of the atmospheric air heater are somewhat 
bigger than those of the pressurized type, but by no means ex- 
ceed those of normal boilers. Accessibility and cleaning possi- 
bilities are good. 

Allowable heat release in the combustion chamber largely de- 
te srmines dimensions of air heaters. Assumptions discussed in the 
foregoing paragraphs do not differ from normal steam practice. 
If,.in the future, combustion rates can be raised by special 

irners, this will, as with boilers, result in reduction of size. 

Temperatures in air-heater collectors and tubes are the highest 
in the entire plant. It has been said that these temperatures 
establish a limit for raising air temperature at the turbine inlet 
and thus for future. higher effici iency of the closed cycle. It 
should not be overlooked, however, that temperature difference 
between highest tube-wall temperatures and air-inlet temperature 
for the turbine is not more than 30-50 C. Life of alloy steels 
depends on the relation of temperature and axial stress imposed. 
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Fic. 21 Counrerriow TION-Tyrr Air Heater FoR}DovusLe 23 Heater 
CoMBUSTION 
(Pressurized combustion. Individual high-pressure tube bundles are sur- 
rounded by cylinders in which combustion gases flow at elev ated velocities.) 


Armospuern 


(Suitable for pulverized-coa! or oil firing. 
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22 CrossrFLow Convection-Type Hearte 

HEATING 

‘Pressurized combustion. Double-walled outlet collec 
and low-pressure system do not need high-a 
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Pic, 24 Low-Pressure Tuse System ror Panis Ain Heater 


Course OF Pressure TESTS 
Pests at Escher Wyss Works.) 


FROM CUPER ATOR 


Pig. 250 Air-CooLep CoL_LecToR ELEVATED 
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Stresses in the air-heater surface can be kept small —between 1500 
and 2000 psi. In all the gas-turbine rotors much higher stresses 
occur. Thus, although temperatures in some’ heater parts are 
higher, the safety margin against rupture is at least as large as in 
other parts of the plant. The rotors limit allowable temperature, 
not the air heater. 

We have developed new.means for reducing temperatures of 
collectors, which can thus be built without high-alloy heat-re- 
sisting material. Fig. 25 shows the double-shell principle used in 
design of the high-pressure outlet collector of the crossflow 
heater. Inlet and outlet collectors are combined. Relatively cold 
inlet air to the high-pressure heating system (About 400 C) enters 
a evlindrical chamber which encircles the outlet. Small pressure 
difference between inlet chamber and outlet corresponds to pres- 
sure drop in the high-pressure tubes. The outer casing is cooled 
by inlet air and takes up pressure stresses. The thin inner casing, 
which withstands the high temperature, is virtually not loaded. 
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Incoming cooling air passes first along tube inlets and produces a 
steady diminution between hot inlet tube wall and cooler collector 
shell. 

Air at the pressures of these closed circuits, up.to 750 psi, has a 
good cooling effect. Heat transfer at this pressure is 20 times 
as high at normal atmospheric conditions, for the same velocity. 
Even with a small amount of extraction air, highetemperature 
parts can be cooled effectively with small air velocities. 


CLosep-CY¥cLe TURBINES FoR INDUSTRIAL Use aNp ror 
Ourpeuts 
In estimating future possibilities of gas turbinestit is a peculiar 
fact that whatever their kind and size they are compared with 
large modern steam-turbine units. Yet only in large sizes do 
steam plants attain thermal efficiencies of 30 per cent or more. 
For smaller steam units, fuel consumption rises gradually, and for 
capacities below 10,000 kw an over-all efficiency of 25 per cent 
represents a good figure (8). It is an important but often over- 
looked fact that gas turbines can, even now, be built for small out- 
puts with efficiencies nearly as high as for large outputs. 
It follows that the field of small and medium-power sets is at 
esent a promising one for gas turbines. As the closed cycle 
evides freedom in choosing suitable working pressures, and 
erefore volumes, favorable possibilities for small-output tur- 
nes exist. Units of a few hundred to a few thousand kilowatts 
n work with 150-250 psig top pressure. The dimensions of the 
whines are by no means too small for maintaining good 
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efficiencies. The guarantee of lasting cleanliness of the circuit is 
essential for such small installations, which often work in dirty 
surroundings. 

A striking example of the favorable possibilities of small closed- 
cycle plants is a waste-heat utilization unit of about 700 kw being 
built by John Brown and Co., together with Spencer Bonecourt, 
L.td., London (6). It is for a gas works. 

Studies have shown that a closed-cycle plant offers an eco- 
of utilizing heat available in waste 

gases such as occur in gas works, carbonizing plants, and the steel, 
chemical, and oil industries. 
“available at high temperatures (600-900 C) and low pressures. 

Heat must be supplied to the working medium of.any turbine 

cyele in an indirect way. 


nomical and reliable way 


It often occurs that waste heat is 


Up to now, waste heat was mostly used 
in boilers to produce steam for engines or turbines. As high-tem- 
perature service is not suitable for them and efficiencies of small 
sets are low, it usually does not pay to produce electrical energy. 

The gas turbine changes this picture entirely. In the case just 
mentioned, one gets about double the electric output when choos- 
ing a closed air cycle instead of steam. The air heater can be 
built very simply as a counterflow 
Waste gases with a temperature of 800 C can easily heat working 


tubular heat exchanger. 


air to 600 C. The exhaust gases of the air heater can still be used 
to produce process steam. 

Taking into account the favorable position of the small-output 
gas turbine, compared with corresponding steam sets, we have 
also made projects for simple coal-fired closed-cycle plants down 
to only 1000-2000 kw net output. The air heater may be of the 
cylindrical type with atmospheric combustion. Pressures in the 
working cycle would be 230 psia at the turbine and 60 psia at the 
suction side of the compressor. Simple expansion in one turbine 
is proposed, with maximum working temperature of 650 C. The 
turbine is directly coupled to a two-stage compressor and runs 
at about 10,000 rpm. Only one intercooler is planned. The gener- 
ator connects through a reduction gear. The regenerator, of 
the tube-bundle type, may serve directly as a foundation for the 
machine set. 


27, 


In the arrangement shown, Fig. shortness of 
piping is notable. The turbine would have 6 stages with a tip 
diameter of only 16 in. Depending upon the economic amount of 

* heat-exchanger surface, efficiencies of from 26 to 30 per cent can 
he expected from this simple plant. 


cies, including All auxiliaries. 


These are over-all efficien- 


Necessary cooling-water quantities can be very small, one fifth 
to one tenth of those of corresponding steam plants. Sacrificing 
some fuel economy, closed-evele plants can also run without water 
at all, using air cooling for compressor intercoolers. 
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Discussion 
P. F. Marvinvzzt.2. The author is to be congratulated on an 
excellent paper which reports clearly and concisely an important 
development in the industrial gas-turbine field. It is a great 
pity that Dr. Keller could not present his paper himself; not 


3 Professor of Mechanical Engineering, Cornell University, Ithaes, 


3 
o r 
be 36" 
gat 
Gio 
r 
| 
| 


848 TRANSACTIONS OF THE ASME 


only was it impossible to congratulate him and welcome him again, 
but also the opportunity was lost of extracting further informa- 
tion. The paper is full of tantalizing Statements about which 
further details would be The author ,and 
Escher Wyss are both to be congratulated on their courage, 
which is a characteristic of Swiss industry, in undertaking the 
whole development work described in the paper without outside 


most welcome, 


financial assistance. . It may surprise some American readers - 


to learn that the whole Swiss industria] gus-turbine development 
work, which has been carried on in four different technical direc- 
tions by four firms, the largest of which has only 8000 workmen, 
has been financed entirely by the firms themselves without any 
help from efther the government, the military, or any other 
Yet Switzerland is stil] easily .in the lead in 
industrial gas turbines. ° 

When in 1945 Professor Ackeret and Dr. Keller listed as an 
advantage of the closed-cvele turbine the fact that the air in the 
cycle is clean, not much importance was given to this point, 
tecent unfortunate experiences of other firms, as well as the 


outside sources. 


author’s report on compressor efficiency drops when the compres- 
sors are run with ambient air, show the importance of this 
point. Of course these efficiency drops become very noticeable 
only if the compressor efficiency is really high; if axial compres- 
Sors can run in a dusty atmosphere without loss ‘of efficiency, this 
might tend to indicate that the compressors ate not as efficient 
as they should be. The extensive use of centrifugal compressors in 
the new plants is extremely interesting: these compressors 
are of course immune from} efficiency drops due to impure air, 
This fact alone justifies their adoption-in the charging sets. 
But it is interesting to’ see that the. high-pressure stage of the 
main compressor is also centrifugal. Are these centrifugal stages 
designed on the Oerlikon principle? If is well known that, 
although Escher Wyss and Oerlikon are independent in their 
technical staff, they are linked financially. What is the effi- 
ciency of these centrifugal stages, and how does it compare with 
‘that of the axial Stages? The fact that four centrifugal stages are 
used for a compression ratio of 3.6 to 1 indicates very consery- 
ative peripheral velocities; the efficiencies should be excellent. 
; Further details on this point would Be extremely welcome, Also 
Some more information is desired on turbine-blading type and 
efficiency. The fact that 8-stages are used in the high-pressure 
section for an expansion ratio of abott 3, and presumably 7 
stages in the low-pressure Section for an expansion ratio of 3.9, 
shows the desire to obtain the highest possible turbine efficiency, 
The air heater is the most important component of the closed- 
cycle gas turbine, and the author is to be congratulated on the 
many details he has.given. If, as is to be hoped, full test data 
will be published in due course about the Paris and Dundee 
plants, it will be most interesting to compare the performance of 
The fact that pressurize: 
firing has been adopted is a distinet advantage: the complication 


the counterflow and crossflow types. 


due to the charging set does not seem excessive in view of the 
reduction in air-heater Size (and tube Stress); the more so as 
even the nonpressurized type must have circulation and recir- 
culation fans. Presumably pressurization will 
with pulverized-coal firing. 

One of the main advantages of the closed-eycle gas turbine 
is that it 
burning coal in a gas turbine; certainly the only practical way to 
burn coal in a high-efficiency gas turbine. At present prices of 
oil and coal, the cost of running a high-efficiency oil turbine might 
well be smaller than that of a low-efficiency coal turbine. 
It will be most interesting to get further details on the proposed 
1000-kw pulverized-coal-fired unit described by the author. Is 
there any chance of its being built soon? 

It is difficult to agree with the author on his contention that 


be impossible 


constitutes probably the only practical way of 
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the turbine blades and riot the air-heater tubes represent the 
‘most delicate point in the closed-cycle turbine; 30-50 C éan 
make a lot of difference in the creep characteristics of high- 
temperature alloys. One need only ‘remember the effect. that 
50 F has had on the Seawaren plant as compared with the 
And the turbine of a closed-cycle installation is 
protected from local overheating’ due to uneven combustion, 


plant! 


which sometimes gives trouble in open-cycle types; while the 
air-heater tubes are very much at the merey of local overheating. 
The fact that the air-heater tubes are the most delicate point is 
implied in Professor Quiby’s official test report of the experi- 
mental Escher Wyss turbine (5).4 In, these tests the maximum 
temperature was increased from 687 C to 698 C, when tlie load 
Was decreased from 2000 to 400 kw; these tests were of course 
effected at the maximum temperature the machine would stand, 
in order to show the highest posstble efficiency, 
crease in load does not affect, in practice, the turbine stresses, 
but it 
decreases very substantially the air-heater tube stresses as the 
pressure in them is reduced about proportionally to the load. 
Hence the increase in temperature was allowed by the decrease 
in air-heater tube stress, which, consequently, is the critical 
point. This is also proved by the fact that, in the reheat turbine, 
the temperature is 10 C higher than in the high-pressure turbine. 
There is no question that the future of the closed-cycle gas 
turbine depends on the development (or rather, on the lack of 
development ): of alloys or devices which would allow very high 
temperatures in the turbine. If special alloys, or blade cooling, 
or a combination of the two should: allow turbine temperatures 
of about 900 € in industrial use, the complication of the closed- 
cycle turbine and the difficulties that would arise with the air 
heater would. not’ justify the use of this type of turbine. At 
those temperatures the efficiency and compactness of the open- 
eycle type would be unbeatable. 
Tremendous sums of money are spent to develop very high- 


Now, a de- 


as‘the turbine peripheral velocity remained constant; 


temperature turbines for aircraft uses. The objéctive is an 
aircraft turbine running at about 1600 C (3000 F). If such a 
turbine became available, it would presumably be possible to 
run an industrial turbine at over 1000 C, and the closed-cycle 
turbine would be doomed, except for special applications such as 
atomie energy or waste heat or coal-fired turbines. However, 
much of the money poured infé the development of the high- 
temperature aircraft turbine works at very low efficiency, owing 
to’military secrecy, changes of plan, duplication of work, and 


so forth, and a change in the politieal picture would stop very 


y. So it is quite possible that in the 
next 10 or 15 years, the temperatures of industrial gas turbines 
will not go above 800.C, 
turbine will certainly have a vast field of application, . 

The waste-heat turbine describied by the author at the end of 
One is rather in- 


rapidly the flow vf money. 


In that event; the closed-cycle gas 


his paper is a most interesting development. 


. clined to think of the closed-eycle turbine as ar: ther large 


unit; it is interesting to see that the cycle can be used for small] 
and even very small powers. This is probably rendered possible 
by the ‘use of centrifugal compressors which maintain their 
efficiencies even with small flows. This type of waste-heat 
closed-cycle turbine has the advantage that the efficiency drop 
in the waste-heat exchanger would apply equally to any other 
type. Test results on this type will be very interesting also he- 
cause'they would give indications on one of the possible types of 
closed-eyele turbine for atomic power, 


The progress made by Escher Wyss during the 
However, while extensive information 


FP. 
last 5 vearsis impressive. 
* Reference is to author's bibliography. 

* Consulting Engineer, Manhasset, L. I, N. Y. Mem. ASME 
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was given concerning component design and arrangement, it is 
difficult to get a clear idea of the cycle actually employed. It 
would be highly desirable if a T-S diagram with pressures and 
temperatures at all points would be given. Lacking that, we 
can guess from the figures that the three intercoolers are evenly 
spaced over the compression range giving a fairly close approxi- 
mation of isothermal compression. The plant works over a 
pressure range from 750 to 65 psi with top temperature 665 C. 
Reheating takes place to 675 C after expansion to 255 psi, 
which seems rather late. The high efficiency of this cycle is 
predicated on a heat exchanger of very high effectiveness and 
visibly very Jarge dimensions. It is, however, influenced to a 
similar degree by the sizes of the intercoolers, the aftercooler, 
and, the’ air preheater for the furnace of the air heater proper, ° 
about which hardly any information is given. 

In order to compare the closed-cycle plants described with 
steam plants and other gas-turbine systems, it’ would be helpful 
to know the total heating plus cooling surface pro kilowatt plant 
output of all elements involved. It seems that this figure will be 
found much higher than the corresponding figure for steam plants, 
including boiler, superheater, economizer, air heater, condenser, 
and feedwater heaters. ‘This comparison will be of great import 
for the economic prospects of the AK plants in this country. 
The utilities of the United States are primarily interested in plants 
of from 25,000 kw ‘upwards to 75,000 kw or more which can 
burn coal. For base-load application, highest efficiency is para- 
mount, provided the installation cost remain at present levels. 
For peak-load plants, economic considerations often will foree low 
installation cost, and, consequently, lower efficiency. Important 
savings obviously can be made easiest by reducing the size of 
the heat exchanger and possibly’ the furnace air preheater. 

With decreasing effectiveness (size) of the heat exchanger it 
remains imperative to obtain the highest cycle efficiency attain- 
able with the chosen size of equipment. To achieve this, it will be 
necessary to deviate from the ‘“double-isotherm” cycle, i.c., 
restrict the air intercoolers to the first half of the compression 


‘range, thus leaving the second half uncooled. It will also be 


important not to reheat as late during the expansion as the de- 
scribed plants indicate. These measures bring very substantia! 
efficiency gains, particularly for relatively small heat exchangers, 
not only for thermodynamic reasons, bat also because they reduce 
the parasitic pressure losses.® 

While the closed-cycle plant has reached practical application 
for medium-sized installations using liquid fuels, new problems 
will arise for large coal-burning plants for which supercharged 
furnaces are as yet undeveloped. For such conditions, semi- 
closed plants may have great potentialities, and more informa- 
tion regarding them will help to clarify the issue. 


W:T. Sawyer? The author's position as a pioneer in the field 
of gas-turbine engineering lends special meaning tohis review of the 
progress of the closed-cycle gas-turbine plant during the past 5 
years. He was among the very first engineers to recognize the 
necessity for treating rotating components from the standpoint 
of aerodynamic theory. The progress of this [Escher Wyss 
plant embodying his approach is accordingly of direct interest to 
all of us. 

It is believed the author may be accused of having been ex- 
cessively modest. in his reference to the effort being made by 
Swiss industry to bring the industrial gas turbine into being. 


In proportion to its size and population, Switzerland has clearly. 


® “The Universal Optimum Power Cycle for Elastic Fluid Turbine 
Power Plants,"" by J. Kreitner and F. Nettel, Paper No. 47—A-43, 
abstract published in Mechanical Engineering, vol. 70, 1948, p. 355. 
7? Bureau of Ships, Navy Department, Washington, D. C. 


made the greatest effort in this regard of any country in the 
world. Special commendation is due to Swiss industry for 
undertaking upon its own resources the risk involved in exploring 
the development of three of the major gas-turbine cycles. 

At the time when the author's first paper was presented to 
this Society in 1945, one of the advantages claimed for the 
closed cycle, namely, the use Of clean air under pressure in working 
cycles, was perhaps discounted by some of us for Jack of factual 
information regarding the degree of compressor and turbine foul- a ae 
ing which would be encountered in practice with other cycles. q 
Subsequent experience which has been reported, particularly qi 


with regard to compressor fouling, lends additional weight to 


this feature. The writer is happy to hear that Escher Wyss con- . 
siders shipboard plants among the most promising projects and — 7 


is Continuing to concentrate upon them along with other applica- - 
tions. The good full- and part-load fuel economy of this type of 
plant makes it very attractive for ship propulsion. 

By way of emphasis, will the author reaffirm the fact implied 
in Fig. 1 of the paper, that an air-heater tube-wall temperature 
of 900 C is today a constructional possibility? Also, does the 


author associate a diminished operating life with the use of a 
temperature of this magnitude? 

While not taking specific exception to the statement that the 
gas-turbine rotors and not the air heater limit the allowable 
temperature in the Escher Wyss plant, one factor in that regard 
deserves mention, in order to maintain our perspective. The 
present-day trend toward higher temperatures is clear. Many 
of us feel that these higher temperatures will be accommo luted 
only by the development of adequate cooling methods. Although 
current progress promises considerable success with the cooling of 
hot turbine parts, it is extremely difficult to see how cooling 
can be applied to the tube walls of an air heater through which 
heat must be transferred. The air heater, therefore, apperrs 
destined to become, if it is not already, the limiting factor for 
allowable cycle temperatures in the closed cycle. 

The present trend toward reduction in content of searce and— 
expensive materials in high-temperature parts also seems to nd 7 
counter a stumbling block in the inability to cool the hottest. 
metal parts of the closed eycle—the air-heater tubes. It will b 7 
of interest to hear the author’s views on this development trend. 


4 


A 


AvuTuor’'s CLOSURE 


The author unfortunately was prevented from attending the 
meeting and the discussion when this paper was presented. 
Therefore, he wishes to express his thanks to Mr. L. N. Rowley, 
who presented the paper. On a recent visit to the United States, 
the author had an opportunity to discuss many questions con- 
cerning gas turbines. On the oceasion of an informal m: eting : 
of the ASME Gas Turbine Power Division, in New York on 
May 25, he dealt with most of the questions put forward in the 
paper and in the discussions. Therefore, in order to condense : 
the closure, only the most important points will be considered. ' 

Attention is called to the fact that the Ackeret-Keller power 
plant bears a much closer resemblance to the steam power plant. 1 
than it does to the open-cycle gas turbine. This should help in 
our thinking, particularly in the discussion of higher cyele tem. — 
peratures, 


During the recent visit mentioned, the author was greatly : 
impressed with the practical progress in metallurgy and in the 
development of appropriate designs for gas and steam-turbine — 
components. Successful developments in the chemical 
and its apparatuses for high-temperature service may have a 


pronounced effect on the design of future caloric machinery. 
This holds true at least for the closed-cycle plant with its differ- 
ent components such as air heaters, heat exchangers, and coolers. 
The advanced technical know-how of the chemical industry and 
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its plants will lead to « marked cost reduction. 
ing the technical solution for the 
the paper presented 


When compar- 

closed-cvele plants discussed in 

years ago® with what can be 

: possibility is shown of very gre 
and apparatuses. 


to meet the required service of a 12,500-kw plant 
order 6f $25 per kw with 6 months de 

Professor Martinuzzi and W. T 
possibility of the deve 


at prices of the 
‘livery. 

done now, the . Sawyer have referred to the 
at simplification, both in machines lapment of the open-cycle g 
. cycle temperaturés of the order of 1000 © 
In answerto Professor Martinuzzi’s questions: The radial-tvpe — the closed-cvele 
Compressor two Stages of compression 
This is a typical high- 
und bears no resemblance to 
reterred to, 
Capacity of about 8000 cfm, and 
above SO per cent at 


as turbine to 
, in which case they say 
System would be doomed. Quite naturally, we 
do not believe this. . In fact the closéd-cvele plant at 650 C evele 
temperature is here, while an open-cycle plant ope 
thing over 800 C is a future possibility, 
closed-evele plant at 650 C is currently 
than the higher temperature 
temperature is import 
h-pressure com- only means. 
aus We foresee the immediate 
achieving an efficiency of 85 per cent, and use of 
such a radial-flow machine for the high-pressure group will resuit 
ina saving in Capital cost and space. ‘ 
The author would like to attempt to clarif 
exist regarding the limitations of the evele 
heater. It is obvious that the 
must be lower than that of the 
heat transfer would take place. The difference in temperature 
between the tube wall and working air ean be controlled within plant with 
precise limits as it js dependent entirely upon the air-side film this temperatufe range should run economically with 8500-0500 
coefficient and the rate of heat input. It has been our practice Btu-kwhr. 
to work with not more than 100 deg F temperature difference 
between tube wall and air. Considerable latitude is offered in 
the design of the air heater as the life of the tubes is governed by for 
both temperature and the accompanying stress. Thus the type Only 
of Steel used and the wall thickness can be varied through the 
heater with the type being dictated by the local temperatures, 
given to the oxidizing substantially as give 
ments and wall thickness, dete ating plant. - 
the working temperatures. Concerning the questions of diff 
Again, it should be Stressed that this is a static structure — tioned in Mr, Nettel’s discussion, as 4 Means of obtaining maxi- 
atyone skilled in the art. The - mum efficiency, it must be pointed out again that what, may seem 
same high-temperature section — favorable in theory, often does not bring the 
sed for turbine blading, and the turbine- * ment when put into design, 
blading stress will limit the design. It must be realized that, — lated hundreds of diffe 
while the turbine-blading stresses are substantially the same at the conclusion that no 
all loads, due to the fast that the machines are operating at con- 
stant speed and temperature, the heater tube-wall stresses are fa plant and sound operation. 
proportional to load. Thus, assuming a load factor of 75 per. With respect to he: 
cent, heater-tube Operating stresses are 75 per cent of desigr figures are 
value, while turbine-blade Operating stresses are substantially 
100 percent of design value 


Was selected for the lust 
due to specific speed requirements. rating ‘at any- 
efficiency E'scher-Wyss compressor 
the Oerlikon compressor 


The efficiency of the 
This compressor has a 

an adiabatic efficiency of well 
ratio ‘of slightly less than 2:1. 
n ot the whole hig 
as radial machines 
possibility of 


some 20 per cent better 
open-evele plant. While evele 
ant to obtain hig : 
We prefer to trade static 
high temperature to gain in efficiency ar 
for temperature in orde 


au pressure h efficiency, it is not the 
There is 4 good case for desig heat-transfer surface for 
pressor. set id high circuit pressures 
r to reduce machinery size. 

It is realized that much theoretical] 


discussion is taking place 
also this country 


dealing with high-temperature sche 
Such schemes look quite attractive on paper, but “they 
from practical realization, 

point of the power-plant e 


y the thoughts that 
as governed by the air 

temperature of the working air 
tir-heater tubes, for-otherwise no 


mes. 
are far 
This is stated only from the stand- 
ngineers and operators who require 
reliable plant of at least 100,000-hr service life, 
few Vears 700-750 will he conomical 
and safe gas-turbine plant. A future closed-cvele 


at 
For the next 
the upper limit for an ¢ 


We do not favor the 


combination of high-tempe 
mediym with 


adequate cooling methods. 
Practical service would be 
a simple plant layout can sh 
pared With modern steam sets, 
In reply to Mr. Nettel, the 
Within the eyele are 
land for double he 


rature working 
Much. complication 
involved which does not pay. 
ow economical advantages com- 

eyele arrangement and conditions 
consideration being and sealing require- 


nin the previous paper* 
rmined by the type of stee : 


erent: working cveles, men- 
readily susceptible to analysis by 
heater can be designed with the expected improve-’ 
tube material aS that u * During the last fey Years we 
rent cycles with various data 
t much can be 
tricky layouts, but a lot can be 


calceu- 
and came to 
gained in performance with 
lost by this means in simplicity 
it-transfer surface, it tay be said that these 
not alone significant for the egonomies of the AK 
plant. The total surface per kilowatt de 
factors as wanted efficiency, 
design of the air heater — temperature of 
iter part of our problem as we have had various auNiliaries which mits 
benefit of the experience engineers in the different plants now une 
had in the design of tube stills for the 
Years of experience in th 


pends upon various 
cooling-water quantities, 


We will be the first to admit that the air heater, and naturally 


has constituted the gre: 
to work without the 
United States have 
leum industry, 

stills have led to 


flue-gas 
, on the design of the | 
be quite manifold. Figures. for 
ler construction Will be published later. 
r plays an important role in today’s gus- 
the following figures may be useful: 

problems of * The Savings that can be made in reducing the size of the closed- 
the expected life and character- as important as would appear from 
litions of high temperature and stress, first glance, particularly when one realizes that the heat-ex- 
metallurgical contribution to this changer surface required for the closed-eyele plant is 2.8 §q it 
centrifugally cast pipe for tube stills. Centrifugally cast pipe per kw for an 88 per cent effectiveness in contrast to 

offers better creep rates at high temperature than drawn pipe, . It per kw for existing 
thus opening possibilities of still higher operdting temperatures "but 75 per cent, , 
than those currently The casting -process of — eent eff 
a much wider range of 


petro- As ‘the heat exchange 
€ operation of such turbine designs, 
.2 complete understanding of the 
radiant-heat transmission, and 
istics of metals under cone 
One recent 


evele heat exchanger are not 
service is the 


about 5 sq 
open-cyele plants where 
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‘ctive regenerator has over 2! 
any desired com- per cent effective regenerator. 
i heat-resisting material Which would be difficult to For those interested in practical operation.of open and closed- 
eyele gas turbine, attention is drawn to a recent publication by 
can be summed up in J. B. Bucher of John Brown & ( ‘ompany, Ltd., Clydebank.® 
riean manufacturers ean offer 


the effectiveness is 
contemplated, 


membered that an 88 per 
tubes ulso enables use in 


» times the surface of a 75 
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A Pyrometer 


Temperature in Low 


for 


Measuring Total 


-Density Gas Str 


By SIDNEY ALLEN! ano J. R. HAMM? 


The need for improved methods of measuring total tem- 
perature in low-density moving gas streams has been em- 
, phasized by the rapidly increasing use of gas-turbine 
engines for aircraft propulsion at high altitudes. Recent 
’ experience with various types of pyrometers has shown that 
increased errors Gf measurement and a reduced rate of re- 
sponse to temperature changes become apparent as the 
gas density is reduced. A design of suction pyrometer is 
presented in which sonic gas velocity is maintained over 
the thermocouple element at all operating conditions, 
thus insuring the maximum rate of heat transfer to the 
thermocouple from the gas, and enabling a simple correc- 
tion for impact error to be applied to the indicated reading 
in order to derive the total temperature of the gas stream. 
The rapid rate of response to temperature change obtained 
with this pyrometer is a fundamental necessity in any con- 
trol mechanism in which gas temperature is the operating 
criterion. 


INTRODUCTION 


N actual or simulatéd high-altitude testing of combustors 
gireraft gas-turbine engines, the problems encountered 
measuring temperatures in gus streams are greatly ae- 
*centuated. In these tests the pyrometers are exposed to radia- 
- tion from the flame, the wall temperatures are rather low, and the 
gas densities are quite low. Measurement errors of the order of 
500 F have been found for bare-wire thermocouple  installa- 
tions in low-pressure combustor-component test rigs, and single 
Accurate 
calibration of thermocouples for this application is not possible 


shielded thermocouples are not appreciably better. 


because of the indeterminable effects of radiation from the flame 
. and radiation to the walls. 
the flame and the temperature of the walls vary widely with loca- 


This is so because the luminosity of 
tion and with test conditions. F.ven if an approximate calibra- 
: tion were obtained, its application would be so difficult that it 
would be impractical. 
In this paper a type of thermocouple pyrometer is presented 
in which the errors are reduced to negligible magni4udes or ean be 
evaluated definitely. The paper deals with the reasons for the 
increase in error in gas-temperature measurement under these 
conditions, describes the development of a suction pyrometer 
in which sonic velocity is maintained over the thermocouple ele- 
ment, and presents calibration data and service performance of 
this instrument. 


ANALYsIS OF PROBLEM 


When a thermocouple, which is located in a combustor and sees 
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the flame, is in equilibrium with its surroundings at a given operat- 
ing condition, a balance exists between the heat supplied to it by 
forced convection, and radiation and the heat flowing from the 
thermocouple to its surroundings by radiation and conduction 
This may be written as follows: 


Heat received from gas by forced convection 
heat received from flame by radiation 

= heat lost by conduction along the leads 

+ heat lost by radiation to surrounding walls 

+ heat lost by radiation to surrounding gas. 

Expressed algebraically this becomes 

+ C,(T, + — T,,) 

where C,, C2, 
tion and for a given gas, the temperature of which is required. 
Where also 


and C; are constants for a particular installa- 


d7 dL = temperature gradient along the thermocouple lead, 
deg R per ft 

= mass velocity of gas (pV) — Ib / (see) (ft? 

nu = exponent varying from, roughly, 0.5 to 0.8, depending 
upon size and shape of body and direction of flow 


of gas relative to surface, dimensionless (1) 4 


7. = thermocouple temperature, deg R 
7, = flame temperature, deg R 
Ty) = T.. + some part of temperature equivalent of gas 


velocity, deg R 
T,, = static gas temperature, deg R 
= wall temperature, deg R 
= velocity of gas, fps 
a, = absorptivity of flame, dimensionless 
= emissivity of thermocouple, dimensionless 
= + 1)/2, dimensionless 
€, = emissivity of flame, dimensionless 
p = density of gas, Ib per cu ft 


Since it is required that should approach as closely as pos- 
sible to 7)’, a consideration of Equation {1} shows that the error 
terms must be made as small as possible, and the value of G or 
(pV) should be made as large as possible, 

When the density of the g 
of gas-turbine combustors operating under simulated high- 


mis stream is reduced, as in the case 


altitude conditions, where pressures as low as 1 psi may occur, 
it is evident that the gas velocity over the thermocouple must be 
increased substantially to offset the effect if the numerical value 
of (pV) is to be maintained as large as possible. 

Experience has shown that a thermocouple can receive only a 
part of the equivalent dynamic temperature (V?) /(2gJC,,) of the 
gas, from which it is evident that a thermocouple in the gus stream 
can never indicate the true total temperature of the gas (7',.) 
In fact, once the radiation and conduction errors in the pyrometer 
have been made negligible, a further increase in gas velocity may 
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result in a reduced value of 7 
from the total temperature. 
to this faét, provided that the error involved ¢ 
for any condition under which the 
ate, 


a “temperature-recovery factor” which is given by 


using the same notation as previously. 

The expression (1, — T,,) represents the equivalent dynamic 
tempefature (V2 29JC,) for the gas. 
A number of investigators (1, 2 


, 3) have determined the re- 
covery factors of various types of py 


rometer, but in most cases the 
results are not applicable to routine experimental work because of 
the indeterminate hature of the ‘actual gas conditions at the 
thermocouple itself. 

This difficulty has been overcome by Dunning (5), who sug- 
always be maintained over 
the thermocouple element. Dunning has shown that under these 
conditions the relation: 


gested that sonic gas velocity should 


Total temperature = 


1.02 X indicated temperature of 
the thermocouple (7, 


) is accurate to within 1/; per cent. (An 
abstract of Dunning’s theory is given in the Appendix. ) 

Hence the use of sonic gas velocity over the thermocouple 
element not only enables a simple correction to be applied readily 
to compensate for the otherwise indeterminate impact error: but 
in addition, it also provides a maximum value of (pV 


) for given 
_ conditions of the gus, 


thus insuring the maximum rate of heat 
transfer to the thermocouple. ; 
Regarding the methods-:which can 


be used to minimize the 
losses in a pyrometer 


, there is a wide background of knowledge 
available, and in this paper only minor refinements to what is now 
accepted practice are suggested. 

The conduction of heat along the thermocouple wire away from 
the junction can be reduced to a% Very small order, if not entirely 
eliminated, by arranging for the gas stream to flow over the bare 
Wires for a certain distance after the junetion. 

Radiation effects on the thermocouple can be reduced to a mini- 
mum by making the thermocouple as small as is consistent with 
mechanical reliability, and by surrounding it with a shield, the 
temperature of which is maintained ds near as possible to that of 
the thermocouple itself. 

With a single radiation shield round the thermocouple, it 

is clear that the same arguments concerning heat transfer to 
the surroundings will be applicable as in the case of the thermo- 
couple itself. Conduction of heat along the shield and radiazion’ 
of heat to and from the surroundings will be present; and in ad- 

dition, if the gas velocity over the outside of the shield is low, 

the conditions for transfer of heat from the Surrounding gas to 
the shield by forced convection will not be optimum. These 
effects will make the temperature of the inner surface of the shield 
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¢ and hence a greater diy ergence 
However, no objection can be raised 
an be calculated 
pyrometer is required to oper- 


This impact error in pyTometry is often expressed in the form of 
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different from that of the gas and hence affect the thermocouple 
junction temperature. If this effect is to be eliminated, the 
logical assumption is that an infinite number of shields will be 
necessary; - but in actual practice it has been shown by Probert 
(4) that, for the conditions met with in gas- ) 


turbine combustion 
work, two shields are 


sufficient to reduce the radiation effects on 
the thermocouple to negligible magnitudes. If two shields are 
used, it is essential that ihe gas velocity, between the shields should 
be maintained as high as possible and that the shields should be 
insulated thermally from each other, 

From the foregoing discussion the following basie design fea- ° 
tures for a pyrometer may be stated: 

1 Sonic gas veloeity should be 
couple element, which should be 
with mechanical reliability. 


. 
maintained over the thermo- 
made as small as is consistent 


2 Isothermal conditions should be maintained along the-wires 
leading away from the junction, * : 


3 Two radiation shields should be provided and be insulated 
from each other, and the gas velocity in the annular space be- 
tween them should be maintained as high as possible. A . 

ComMENTs oN Existinc Types OF Suction Pyromerers 
Although several of the points mentioned in the previous dis- 
cussion have been known for an appreciable period, it was not 
, until serious attention was given to the study of combustion 
problems at high altitudes that the fall magmitude of some of the 
errors involved became apparent, ‘Previous work with high- 
1 shown the need for adequate radiation 
high rates of heat transfer to the thermo- 

couple under these conditions it w 


density gas streams ha 
shielding, but with the 
as possible for comparatively 
large conduetion losses to remain undetected. As the density; 
of the gas stream is reduced, however, the reduced rate of heat 
transfer to the thermocouple by forced convection will reveal any 
conduction losses ‘by an increasingly slow rate of “response to 
change of temperature. 

Several types of suction pyromete 


rs had been const ructed in 
Which the conduction and radiation effects were considerably 
reduced, as shown by a more rapid response rate than ordinary 
Stagnation thermocouples. With these pyrometers it was cus- 
tomary to operate with the suction adjusted to give a maximum 
thermocouple reading. The assumption was made that equilil- 
rium conditions had been reached and that the resultant tem- 
perature reading was the true one. No “recovery-factor” cor- 
rection could be applied since the actyal gas conditions at the. 
thermédcouple junction’could not be defined with certainty. 

Fig. 1 shows one of these pyrometers which was developed from 
a design by Probert. It should be noticed that only one suction 
point was fitted, although double radiation shields were used. 
Because of this the gas-flow conditions over the thermocouple 
were difficult to predict over the comparatively wide range of op- 
erating conditions for which the pyrometer was required. Cali- ~ 


bration ef this pyrometer revealed that it gave substantially cor- 


rect Measurement of temperature down to pressures of the order 
be 
Hi 
are Fic.1 Prosert Type Pyrometer 
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Fic. 2. Generat ARRANGEMENT 
of 0.75 atm. Below this pressure, errors which increased with 


reduction in gas density became apparent until at a pressure of 
0.3 atm, an error of the order of 5 per cent was evident. 

This experience emphasized the need for a pyrometer in which 
“a known correction could be applied to the observed reading for 
any required operating condition, and in which the conduction 
and radiation effects would be negligible. 


CONSTRUCTION OF Suction P YROMETER 


Fig. 2 shows the details of a sonic suction pyrometer which was 
designed by Armstrong Siddeley Motors, Ltd., in an attempt to 
fulfill the essential requirements mentioned previously. 

Sonic gas velocity over the thermocouple was obtained by plac- 
ing the.junction behind the throat of a convergent nozzle 0.125 
in, diam, machined in the end of the inner radiation shield. 
Care was taken to insure that the enguear was situated not more 
than 1 diam downstream from the nozzle throat, 
being achieved by means of two specially made ceramic insulators 
A chromel-alume! butt- 
welded thermocouple was used, the wire being 0.040 in. diam. 
Flume or electric-resistance welding was used to form the junc- 
tion, 


the location, 


placed ummediately behind the nozzle. 


care being taken to remove any welding ‘‘flash”’ before in- 
stallation in the pyrometer. 

Isothermal conditions in the wires immediately next to the 
junction were achieved by arranging for the gas to flow over the 
bare wires downstream of the nozzle for a distance of about 1.5 
in., after which the wires were insulated by conventional two- 
way porcelain insulators which were centralized in the shield by 
means Of a suitably positioned 3-pin “spider.”’ The 


as stream 


oF Sonic Suction PyrRoMETER 


was arranged to flow around these insulators to the end of the 
shield where it was extracted by means of a vacuum pump. The 
two wires passed through a suitable gland and insulator to a small 
termina] block. 

The outer radiation shield consisted of a heat-resisting stec! 
tube 0.5 in. diam by 20 SWG. The annular clearance between 
the two shields was adjusted to 0.015 in., and a */j»-in-diam 
entry hole was used. A separate gas connection was provided at 
the end of the outer shield. 

In order that the two shields should be insulated thermally 
from each other, a tapered flange was welded to each of the 
shields which were centered and insulated from each other by 
means of a ceramic bushing through which the inner shield was 
threaded. 

The whole 
gastight by means of a split clamping ring which compressed the 
two tapered flanges onto the ceramic bushing. Thermal leakage 
between the clamping ring and the flanges was prevented by 
means of two asbestos washers inserted between the ring and the 
flanges. 

Figs. 3 and 4 show details of an actual pyrometer, and Fig. 5 
shows the assembled pyrometer. 


assembly was held together and was rendered 


PYROMETER CALIBRATION 


A detailed calibration of any type of pyrometer requires a spe- 
cialized and comparatively elaborate rig. This is especially true 
when the investigation has to include subatmospheric gas pres- 
sures and exposure of the pyrometer to flame radiations. Since 
no such calibration fig has been available, it has been necessary 
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combustor. Witli the st: wane irds of accuracy usually encountered 
‘in research work of this kind, it was considered that this require- 
ment could be met satisfactorily. 

Thesonic pyrometer was installed in a water-cooled traversing 
gear fitted to the outlet end of a gas-turbine combustor which was 
known to maintain its performance for a considerable period of 
service. .This combustor was being tested at simulated high-alti- 
tude engine conditions at -the Royal Aircraft Establishment, 
Farnborough, England, and the initial development and calibra- 

ton © if the pyrometer were carried out there. 


Pia. 3) Soxte Suction Pyrometer Parrs 


Fic. 5) Sonte Suction Pyrometer 


Fig. 6 shows this test rig. “Since the combustion-chamber 
pressure was always subatmospheric, the gas flow through the 
pyrometer was induced by means of two rotary vacuum pumps 
Fig. 42 Sonte Suction PyroMeterR Raptation SHIELDS as is shown in thé illustration. Pressure taps were located at the 


outlets of the two radiation shields in order to measure the g¢ fis- 


to use other means to obtain an absolute calibration of the — flow conditions through the pyrometer. These readings were 


> 
= 
~ 
- 
= 
= 


based upon the assumption that there would be negligible pressure 
After a consideration of various compromise methods of calibra- — loss along the length of the shields. Exact measurement of 
tion, it was decided that an indirect method of absolute . the pressure drops would have required taps in the throat of the 
calibration against gas analysis should be adopted, especially as nozzle; this would have meant increased complication and a much 
‘it would be fairly easy to apply this method at subatmospheric — larger instrument—a condition which could not be tolerated. 
pressures Where information on the performance of the pyrome- Experience with earlier types of pyrometers had shown the 
ter was particularly required. errors in the pyrometer readings to be of an appreciable order st 
A gravimetric technique of chemical analysis of combustion — pressures below 0.3 atm. Therefore all initial calibrating tests , 
— products’ had been developed by Maefarlane at the National were carried out with the pressure at the entry to the combustor 
Gas Turbine Establishment, England. This is described in de- adjusted to 11 in. Hg abs, this pressure being of particular interest 
* tail by Lloyd (6). With care the over-all standard of aceuracy of | in the combustor test program then being carried out. 
this technique is within 0.5 per cent when used to deduce com- The fuel flow to the combustor was adjusted to givé a mean 
—bustion losses. If, therefore, the combustion efficiency of a gas temperature at.the chamber outlet of 1090 F, and the gas 
combustor could be measured by both gas analysis and a heat — flows through the pyrometer were adjusted to give a maximum 
balance under exactly reproducible conditions, an indirect assess- thermocouple reading. While these conditions were held steady, 
ment of the accuracy of the sonic pyrometer could be made at the exposed cool end of the pyrometer was heated in a flame, but 
any desired operating condition. It is clear’ that this method no change in reading was obtained. This indieated that there 


is dependent upon the reproducibility of test conditions in the Any 


was sufficient gas flow through ‘the pyrometer to swamp 
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conduction losses along the leads and shields. The sensitivity 


'o rapid changes in gas temperature was exceptionally good. 
Following this, a series of response curves was obtained in order 
to assess the effectiveness of the radiation shields. It was as- 
sumed that the magnitude of the radiation from the thermo- 
couple to the walls was greater than that from the flame to the 
thermocouple, and therefore a reduction in the radiation to and 
trom the thermocouple would cause an increase in the thermo- 
«ouple temperature. With the combustion-chamber condi- 
tions steady, the full suction available was apphed to the inner 
shield with no gas flowing through the outer shield. The gas 
flow through the inner stiield was then reduced progressively, the 
steady thermocouple reading being noted in each case, until the 
gus flow Was reduced to zero. This enabled a curve to be drawn 
showing the variation of thermocouple reading with suction 


udjusted so that there was a depression of 1 in. Hg relative to 
the zero-flow reading on the inner shield, A second response 
curve was then obtained as before, keeping this depression con- 
stant, 

Further curves were obtained with increasing gas flows 
through the outer shield until no further effect on the thermo- 
couple reading was evident. 

The family of response curves thus obtained are shown in Fig. 
7. This plot shows that all the response curves for the sonic 
pyrometer are similar in shape and that the maximum thermo- 
couple reading occurs at about the critical pressure drop. In- 
creasing the gas flow through the outer radiation shield results in 
“ vertical displacement of the whole curve, but the difference be- 
‘Ween suceessive curves rapidly diminishes and no appreciable 
difference in reading was obtained once a relative depression of 
tin. Hg was exceeded. No significant reduction in indicated 
temperature was obtained once the maximum reading was 
reached. This was due to the fact that the maximum tempera- 
ture reading was reached at near the critical pressure drop across 
the nozzle and, consequently, there was no change in velocity at 
the junction as the pressure drop was further increased. In 
actual practice, this faetor constituted an advantage, since 


hic. 6 Pyrometer Test Ria 


through the pyrometer. The suction on the outer shield was then * 
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: 
elaborate regulation of the suction on the pyrometer became un- GAS FLOW SYMBOL 
necessary once this occurred. 0.49 8/5 A a 
The single response curve obtained with the earlier type of 085 + oO 
pyrometer under the sonic test conditions is also included in Fig. 11000" - x 
7. Whereas the response curve for the sonic pyrometer shows 3 il — ° ' 
the initial temperature rise to be vertical, that for the early py- 4} a al 
rometer exhibits a definite shape. In the Appendixit is shown . ov" 4 : - 
that the gradient of this initial portion of the curve may be in- 2 rl tt a 
terpreted as a measure of the losses existing in a pyrometer. The , ae 
smaller the losses in the pyrometer, the more rapidly it reaches 
a Maximym temperature ds the gas velocity is increased from zero. 
Hence the response curves provide a simple qualitative method of ! ° ——s 
‘ © © 
assessing initially whether the losses in a pyrometer are apprecia- oe i — 
ble. The maximum reading attained by the early pyrometer is © 7 
seen to be about 2 per cent lower than that attained by the sonic Fo 0.0% 
pyrometer. © 
To check the absolute accuracy of the sonic pyrometer, a num- oO a = ® 
.ber of combustion-chamber-outlet temperature traverses were 
. rar — == 
made under carefully controlled test conditions, in order to derive 7! © 
the combustion efficiency. Gas analyses of the combustor prod- a '% ee a 
. . . . 
ucts were then made using the gravimetric technique mentioned. ra ee : 
— 
previously (6). Table 1 shows a comparison among the results = 
obtained by gas analysis, from the corrected sonic pyrometer x 
readings, and from readings obtained with the Probert type ee _— ——™ 
bes ; 1000 1200 1400 1600 1800 2000 2200 
TABLE 1 COMPARISON OF TEST RESULTS 
gas~ R P-41627 
Probert 
Gas Sonic type 8 or PyroMETER 
analyses pyrometer pyrometer 


Entry total pressure, 


in. Hgabs... a 1 
Inlet air temp, deg F 113 F 113 F 113 1 
52.9 75.2 52.9 73.2 52.9 75.2 
Combustion 

efficiency, per cent 95.5 94.9 95.3 95.7 90.2 92.6 


When the standard of accuracy of the sonic pyrometer is con- 
sidered, ft is shown to give results which are in good agreement 
with those obtained by gas analysis if the correction suggested 
by Dunning is applied. 

In order to check the thermocouple correction factor of 1.02 
given by Dunning, a sonic suction pyrometer was calibrated in 
an atmospheric-pressure-thermocouple calibration rig at the 
Westinghouse Research Laboratories. In this test the gas ve- 
locity was varied from 150 to 700 fps, and the gas temperature 
wis varied from 1000 to 2000 deg R. The average value for the 
correction factor for thirteen points was 1.0154. 
the spread in the correction factor among these thirteen points 
which is about + 0.2 percent. Since there is no discernible trend 
due to velocity level, it can be assumed that this spread is due to 
experimental error. Spot checks on a second pyrometer gave 
- substantially the same result. 

The use of 1.0154 for the temperature correction factor in the 
two test points given in Table 1 gives values for efficiency of 
94.7 and 94.9, respectively. These values agree with the gas- 
analysis results as well as do the sonic-pyrometer values which 
were based upon a correction factor of 102. * a 


GENERAL COMMENTS 3 
° 

The previous discussion has shown that the design of sonic 
pyrometer described in this paper is capable of a high order of 
accuracy of temperature measurement, coupled with a rapid rate 
of response. These features are eVident over a wide range of gas 
densities, tests having been made at the Armstrong Siddeley 
Works at pressures varying from about 100 psia,down to 2 psia. 
So far, only laboratory versions of this type of pyrometer have 
been constructed. Much smaller sizes of instrument are con- 


templated to meet the need for a small pyrometer, having a 


Fig. 8 shows , 


(Error in sonic suction pyrometer using correction factor of 1.0154.) 
rapid response rate, which exists in gas-turbiné engines where 
a measured temperature operates the control mechanism for the 
engine. For this application a slow response rate may cause 
hunting and consequent overheating of the engine. The likeli- 
hood of this happening would be greater as the operating altitude 
of the engine is increased. ‘ 

The mechanical reliability and the thermoelectric stability of . 
the pyrometer design presented in this paper have proved to be 
very good. Sonic suction pyrometers have been used for as long 
as 150 hr without any mechanical problems whatsoever. The 
accuracy of the'pyrometer after 150 hr of operation has been 
checked and found to be unchanged. 

In laboratory tests it has been possible to use thé sonic suction 
pyrometers in ary way that ordinary bare-wire thermocouple 
can be used. They have been used singly for simple temperature 
traverses, in gangs for traverses of annuldr passages, and on 9s- 
cillating multi-instrument rigs for obtaining Average tempera- 
tures in annular passages. 

In general, the need for vacuum lines to the pyrometer has not 
been a serious disadvantage in laboratory testing, and the rela- 
tively high cost of these pyrometers has been justified by the zood 
accuracy and durability obtained. 


CONCLUSIONS - 

1 The suction pyrometer’ employing sonic gas velocity over 
the thermocouple element incorporates all the essential features 
shown to be necessary for obtaining an accurate measurement of 
the total temperature of a moving gas stream for any gas density 
and enables a simple correction to be applied readily for impact 
error. 

2 In the case of gases met within gas-turbine practive, the 
correction for impact error is theoretically: 

Total temperature of gas (7',,) = 1.02 X indicated tempera- 
ture of thermocouple (7',) . Actual calibration of two thermo- 
couples gave a correction factor of 1.0154 which differs slightly 


from the theoretical figure. * 
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3 The sonic pyrometer has a very rapid response to changes 
of gas temperature, and a simple qualitative check is possible 
to assess the.magnjtude of any thermal losses in the pyrometer. 

4 Because of its rapid rate of response at low-density con- 
ditions, the sonic suction pyrometer has a particular application 
in the aircraft gas-turbine engine for any control mechanism in 
which a gas temperature is the operating criterion. 

5 The sonic suction pyrometer has proved very satisfactory 
for gas-turbine combustion work, especially for temperature 
measurement at very low gas densities. 

6 In gas-turbine combustion work the good durability and 
accuracy of the sonic pyrometer have justified its relatively high 


cost. 
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Appendix 
Additional nomenclature is imtroduced in the Appendix as 
follows: 


= constant-pressure specific heat, (Ib) (deg F 
C, = constant-volume specific heat, Btu {deg F) 
g = acceleration of gravity, ft/sec? 
J = _Joule’s constant , 778 (ft) (Ib) / Bru 
k = ratio of specific heats, C,, 
P, = Prandtl number, dimensionless : 
R = gasconstant, ft/deg F 
r= recovery factor, dimensionless 7 
V = gas velocity, fps 
The following is an abstract from reference (5) on the theory 


of the sonic pyrometer, as evolved by Dunning: 

Using the same notation as previously, we have 
es r 

Assuming that the radiation and conduction losses are negli- 

gible, and that r is’a factor depending upon the thermocouple 

shape and gas conditions; if V is equal to the local velocity of 

sound 

: C, 

V? = kgRT,, = > gd 
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and 


(k — 1) 
741 + 


We require the total temperature (7',,) of the gas which is given 


by 


from which 


Therefore, if k and r are known, a precise correction can be 
uppiied to the thermocouple reading 7,. 
German experimental work (7) has shown that the tempera- 


ture of a cone in a gas stream is in very close agreement with 


Pohlhausen’s formula 
| (| ) 
i+ ~ 


where U’ is the gas velocity near the surface of the cone and V 


ve 
2JC, 


If Equation [5] can be ac- 
1, and the thermocouple is 
P,'/*. 

For gases of the composition and temperature range generally 
met with in combustion work, Pg may be taken to have a con- 


is the gas velocity in the free stream. 
cepted as holding at Mach number = 
considered as a smal] cone, then U = Vandr = 


stant value of 0.76, making r = 0.87. 

Equation [4] shows that the nearer r approaches unity, the 
smaller is the effect of changes in the value of k, and with r = 
0.87, Equation [4] becomes 


> T,, = 1.021 KX T, when k = 1.4 
j T,, = 1.017 X T, when k = 1.3 
| 


Therefore, in general, the relationship 
T,, = 1.02 x T, 
may be used without accepting an error greater than '/; per cent. 
E-rrect or Heat Losses ON PYROMETER PERFORMANCE 


It is shown in reference (5) that for a given heat loss L in the 
pyrometer and for constant total conditions of the gas, th» indi- 
-eated temperature 7, will pass through a maximum value as 
the velocity of the gas over the thermocouple is varied, and 
that when 7, is a maximum, the following relationship holds 


= xr, ) IT. Te! 
where A isa constant, 
From this it is seen that : 
When L = 0, T, is a maximum when 7, = 7, ie., V = 0 


i.e., 


When L = 
Is sonic 


©, 7,isa maximum when 7, = 2/k + 17,,, 


and as L varies from zero to infinity, V increases continuously 
from zero to sonic to maintain 7’, at a value whose locus is the 
envelope of maximum temperatures, 7 

Hence it is apparent that with an ideal pyrometer, having no - 
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The refore the smaller the losses in a pyt rometer, the more rapidly This feature of the suction pyrometer sieiiies 4 means where- 
it reaches a maximum temperature as the gas ve ‘locity over the by a rapid qualitative assessment can be made of the losses exist- 
thermocouple is increased from zero. 


ing in the pyrometer. 
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Heat Transfer 


By MAX JAKOB;' R. L. ROSE,? ay»p MAURICE SPIELMAN 


This paper presents some experimental results, ob- 
tained ‘by discharging hot air from a continuous slot 
parallel to a plane surface. A method for predicting the 
distribution of surface temperature, relations for the 
temperature and vapor pressure in the jet, a common cor- 
relation relating heat transfer and mass transfer, con- 
sidering also the entrainment of environment air by the 
jet, and a numerical example are given. 


NOMENCLATURI 


The following nomenclature is used in the paper: 


. a = vertical height of nozzle opening, ft 
b, = m” RT, /(p; — p,) = local coe fficie *nt of mass trans- 
ft/hr 
C = constant 
= q" (t; —t,) = loeal film coefficient of heat transfer, 
Btu/hr ft? F 
= constant 
 k = thermal conductivity, Btu/hr ft F 
&, = thermal conductivity of air at temperature ¢,, 
Btu /hr ft F 
an exponent 
m” = local rate of mass flow per unit area (see note a 
at end of nomenclature), lb,, /hr ft? 
n = an exponent q 
Nyy = hy /ky = Nusselt number 
(Vy,)moa = 2 6 = modified Nusselt number 
= (po — Pe) 
Prandtl number 


= partial-pressure ratio 
Np, = via = 
Reynolds number 
Ns. = v 6 = Schmidt number 

N, = (t, —t)/(t; — |) = temperature ratio 

p,. = partial pressure of water vapor in environment air 

(room air), Ib/sq in. 


Np. 


p; = smallest observed partial pressure of water vapor 
measured in jet at distance z from nozzle outlet, 
Ib ‘sq in. 

Pp, = partial pressure of water vapor in air at nozzle 


outlet, Ib /sq in. 

Pp, = partial pressure of water vapor at plate surface, 
Ib in. 

q” = local rate of heat flow per unit area (see note a), 
Btu /hr ft? 


1 Ri ssearth Professor of Mechanical Engineering, Illinois Institute 
of Technology, Chicago, Ill. Mem. ASMF. 

* Assistant Professor of Méchanical Engineering, Illinois Institute 

f Technology. Jun. ASME. 

* Associate Research Engineer, Illinois Institute of Technology. 
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note b) 

t, = dew-point temperature (used also with additional 
subscripts, ¢, j, 0, corresponding to environment, . 
jet, and outlet conditions), deg F 

t, = temperature of environment air, deg F 

T, = absolute temperature of air film, deg R (see note b) 


R = 85.4 = individual gas constant for water vapor | 
ft-lb, /lb,, F 
r = an exponent 
s = thickness of test plate, ft 
_. ¢, = temperature of bottom surface of plate, deg F (see 


t; 1/,(t; + t,) = air-film temperature, deg F 

t, = maximum jet temperature at distance x, deg F 

 t, = nozzle-outlet air temperature, deg F 

5 t, = surface temperature of plate at distance x, deg F 
v, = air velocity at nozzle outlet, ft /sec 

rx = horizontal distance from nozzle outlet, ft 

y = vertical distance from surface, in. 

a = thermal diffusivity, sq ft/hr 


6 = mass diffusivity, sq ft /hr 
n, = (t, — t,)/(t, — t,) = a temperature ratio 
_ » = kinematic viscosity of air (used also with subscript o 
4 


corresponding to outlet condition), sq ft hr 


Note: (a) The double prime sign in the symbol refers to unit 
area and the dot refers to unit time. 

(b) Deg F is used for ardinary temperature, deg R for absolute - 
temperature in the Fahrenheit scale: F = BR is used for the unit of 
temperature difference. 


INTRODUCTION 


The work upon which this paper is based arose from a problem 
submitted to the War Research Committee of Illinois Institute of a 
Technology* by the United States Army Air Forces in 1945. 

Ice formation on the inside surface of aircraft windshields had 
become a serious problem with the introduction of high-altitude 
pressurized cabin bombers. One of the techniques available for 
preventing ice formation is that of blowing a jet of heated air 
over the inside windshield surface. No basic design information, 
however, was available.. 

The Republic Aviation Corporation had begun to study the 
problem before the authors’ work started (3, 4, 5, 6). Anothet 
experimental study was published later by Zerbe and Selna (7). 
As in these investigations, a plane heat-flow meter was used for — 


4 
the present measurements. No attempt was made to duplicate L 4 


frosting conditions on the test plate. It is more convenient to 
employ higher temperatures and to convert the results to freezing 
conditions using the principle of similarity. 


SQUIPMENT OPE — 
EQUIPMENT AND OPERATION 


Basically, the apparatus simulates a plane windshield by a model 


‘ This work was also used in the MS theses of R. L. Rose (1) and | 
M. Spielman (2). b 
’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


‘4 
gre 
t- 
t 
5 eS; 
- a le 
Plane 
‘> 
nal 
he 
| 
rE 
~ 
TAR 
Regs 
‘ 
5 
te 
; 
re 
| 
| 
‘ 
~ its 
a 
: 
~ 
as 


860 4 
whichis heated by a jet of hot air blown over one surface amd 
cooled on the other side by a stream of water. 

Figs. 1 and 2 are views of the major equipment in the labora- 
tory. Filtered air, having passed through a refrigerating de- 
humidifier (Fig. 2, left background) enters the blower (Fig. 1, 
right background). Steam can be added to the laboratory air 
through perforated pipes above the door, Fig. t, to ineréase the 
humidity difference between the jot and environment air. From 


= 


. * TRANSACTIONS OF THE ASME 


AUGUST, 1950 


the blower, the air passes through a duct with electric heaters 
and baffles, to the slot, from which it is discharged over the test 
plate, Fig. 3. Duct air temperatures and static pressure were 
read from three thermocouples and a pressure tap ahead of the 
slot. 
The slot, 17.5 in. wide, variable in height from 0 to-0.75 in. is 
the outlet of a nozzle having an elliptical profile. Openings 0.25 
and 0.50 in. high were used in these tests. The lower edge of the 
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Fic. 2) View or Lasporatory, SHOWING CONTROL AND MEASURING EQUIPMENT 
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nozzle outlet was 0.25 in. above the starting section of the test 
plate, the leading edge of which was in contact with the, down- 
stream side of the‘nozzle plate, see Fig. 3. This arrangement has 
been designated by Republic Aviation Corporation as a blocked 
nozzle. High-velocity eddies between the jet and the surface 
of the starting section cause the stream to be forced against the 
surface, so that the jet behaves essentially as if the starting sur- 
face were even with the lower edge of the nozzle opening. This 
limits entrainment of environment air to one side of the jet. 

The test plate, used as a heat-flow meter, is a rectangular slab 
of Johns-Manville asbestos ebony, 1.53 in. thick, 15 in. wide, and 
30 in. long. The thermal conductivity of the plate, measured by 
the Armour Research Foundation of Illinois Institute of Tech- 
nology, is 0.484 Btu/hr ft F at 100 deg F. 

The starting section, 6 in. long, and two side extensions, 10 in. 
wide,*as well as the outlet for the cooling water, are seen in 
Fig. 3. 


Fic. 3 Test Pirate Berore Fituinc THermocourpLe Grooves 


Thirty surface thermocouples are on the jet side of the plate, 
and nine are on the water side. Fig. 3 shows the upper side of 
the plate before filling the grooves containing the wires. The 
junctions are in the center of 0.25-in-diam by 0.020-in. copper 
disks recessed in the plate. The wires from the junctions run for 
at least 1.5 in. parallel to the nozzle’outlet, to reduce heat conduc- 
tion along the wires. 

A traverse unit, resembling a rake (foreground, Fig. 1) was 
used for traverses in three dimensions throughout the jet. Ther- 
mocouples and impact tubes are spaced alternately, 1.5 in. apart, 
across a width of 24 in. parallel to the nozzle outlet, and can be set 
at various heights above the test surface. Thermocouple read- 
ings were corrected for the temperature increase encountered in 
high-velocity streams (8).- The impact tubes, #/3:-in-OD brass 
tubing, were used to measure local velocities in the jet.6 In addi- 
tion, they were used as sampling tubes in the tests with dew-point 
traverses of the jet. For this purpose the tubes across the width 


* Static pressures in similar jets have been reported to exceed the 
environment pressure by 0.5 per cent of the dynamic pressure (9). 
This difference was neglected in the calculations. 
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of the test plate were connected to a common manifold, and this 
was led to the dew-point meter. ' 

Three thermocouples, one above and one at each side of the 
nozzle, were provided for measuring environment air tempera- 
tures. A six-point Micromax recorder served to record the 
duct-air and environment-air temperatures. 

Fig. 4 shows details 0. the dew-point meter used in the jet 
traverses. This instrument is similar to an automatic indicating 
meter developed by the University of Chicago Meteorological 
Laboratories; simpler in design, however, because automatic 
indicating was not necessary. The main part is a polished silver 
mirror, against which samples of the air are blown. The mirror 
button, containing three thermocouples, is cooled from the rear 
until its exposed surface is clouded by condensation, which occurs 
at the dew point. : 

The finned end of the copper rod, seen in Fig. 4, was kept in 
melting ice. By varying the electrical input to the heating coil, 

suitable range of temperatures could be maintained at the 

rror surface. The temperature of clouding of the mirror was 

d as the dew point, because observation of clearing was less 

curate. 
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All thermocouples used in the experiments were made of 30- 
gage copper and constantan wires, enameled and single-cotton 
covered. The cold junctions were kept in melting ice. 

Equilibrium for a test was reached within 1 or 2 hr. A com- 
plete test required a full day for two observers. Such a test 
included velocity, temperature, and sometimes dew-point trav- 
erses, at different distances from the nozzle and heights above the 
plate surface, and measurement of the temperature distribution 


on the test-plate surface. ~~ 


Score or ExPeRIMENTS 


A total of 19 tests are reported in this paper. Table 1 sum- 
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TABLE 1 SUMMARY OF TEST CONDITIONS 
Initial Initial Bottom Environment Initial jet Environment é 
jet vel, jettemp, surf temp, temp, dew-pt temp, dew-pt temp, Ll ak - 
vofps todegF tedeg Fk te deg F td,o deg F deg F Traverses 


< 


<< 


Dro 


< 


Notes: Tests 29 and 30 were made with 0.5 in. nozzle opening, all others with 0.25 in. opening. 
Transverse abbreviations: 
i jet temperature 
, jet ve locity 
D jet dew point 


we 


WIDTH OF TEST PLATE marizes the measurements and conditions. The 6-in. starting 
ectincatsn section and the vertical distance of 0.25 in. from the plate surface 
to the lower edge of the nozzle opening were used in all tests, 
All physical properties of air in the éalculations were taken from 
tables of Keenan and Kaye (10). 


Jer CHARACTERISTICS 


2 


JET VELOCITY, ft/sec 


Results of typical velocity and temperature traverses across 
the width of the jet, from test No. 10, - shown in Figs. 5 to 8, 
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Fie. 5 DisTRIBUTION Across Jet, STatTIOn A 


HEIGHT ABOVE PLATE 
b O20 INCHES g INCHES 
d O40 INCHES nh 160 INCHES 
< --— WIDTH OF TEST PLATE f O80 INGHES i 200 INCHES 
(15 INCHES) 


Disrripution Across Jet, {Station F 
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JET TEMPERATURE , °F 


HEIGHT ABOVE PLATE 
HEIGHT ABOVE PLATE INCHES f O80 INCHES 
@ O60 INCHES 


O20 INCHES 1.20 INCHES 
f O80 INCHES ‘ d Q40 INCHES 1.60 INCHES 
g 1.20 INCHES- : : i 2.00 INCHES 
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inclusive. Distances from the nozzle to stations A and F are ra 
rx = 0.625 and 2.625 ft, respectively. a 

The variations across the width of thé test plate, at any height anitie: ia 
y, are not severe and therefore, in general, only average values 
were read in the traverses. “For this purpose the thermocouples 
above the test plate were connected in series, and the impact 
tubes above the plate surface were connected to a common mani- 
fold.’ 

Using these averages at the various heights, profiles such as 
shown in Figs. 9 and 10 were obtained. ¥ 


Station 


gu 


Fie. 10 PROFILES 


60 80 100 
vi, ft/sec 


Station C 
Fie. 9 Jet-VeLociry Prorites ‘ Py = 0.1665 
‘ Pe 
rhe average dew points measured led to vapor-pressure pro- i 
files of the type shown in Fig. 11. si 
It was desired to find the maximum local jet temperature ¢,, 
at any distance from the nozzle because a local coefficient of heat 
transfer h;, will be used, based on the temperature difference 
t, —t,, where is the plate-surface temperature at any distance 
from the nozzle. Since the greatest part of the jet cooling is ° 
caused by entrainment of environment air, the initial jet tempera- oO! 0.2 3 
ture ¢, and the environment temperature ¢, are the main factors 
in determining the average and the maximum jet temperature 
at any distance from the nozzle. Therefore a dimensionless tem- Fig. 11 
perature ratio may be defined as 


Stotion E 


Jet PROFILES 


Fig. 12 illustrates the variation of V, with z/a for all tests made 
with jets of hot air. The test points can be represented by a line 
corresponding to the equation 
This was found to be a function of the ratio of distance from the a aa ans 
nozzle to height of the nozzle opening, x/a, independent of the a \ 0.035 
initial jet temperature and velocity. . a 
— 

' This averaging of pressures is subject to an inherent error, be- 
cause the average of the square roots of the individual impact pres- 
sures should be used for the average velocity. The result of using 
the multiple connection was compared with the mean of individual 

53 << < 205 fps, 15 250 deg F, 7 F 
measurements on several occasions. The difference was considered 53 <r, < 205 fps, 150 < t, < 250 deg F, 71 < ¢, < 98 deg F, and 
to be within the limits of accuracy of the measurements. . 15 < r/a< 126. 


This equation was determined for the following range of condi- 
tions 
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a/a 


Fic. 12) N; Versus z/a 
(Numerals at each ppint represent number of runs averaged) 

For the tests involving humidity differences between the jet arid 
environment air, a similar ratio involving partial pressures can be 
defined as 


where p,, p;, and p, are the partial pressures of water vapor in 
the nozzle outlet, jet, and environment, respectively. This will 
be discussed further in the section on mass transfer. 


Heat TRANSFER 


Definitions and Procedure. Fog, or ice formation, may begin 
on any surface, the temperature of which is at, or below, the dew 
point of the adjacent air. If the dew point of the air in the jet 
boundary layer and the surface-temperature distribution are 
-known, the distance from the nozzle at which clouding will begin 


on a windshield surface can be determined. The surface-tem- ° 


perature distribution may be found, using a local heat-transfer 
coefficient, k;. With this in mind, the object of the expe riments 
was to obtain h, in terms of initial conditions. 

For steady state, the heat flow per unit area at any point on the 
plate surface can be considered either as convection from the jet to 
the surface 


q” =h, (tt; —t,)........ 


Equation [4] defines the local coefficient h;. The symbols k, s 
and ¢, in Equation [5] stand for thermal conductivity of the test 
plate material, length of heat-flow path through the plate, and 
temperature of the bottom surface of the pate, respectively. 
From Equations [4] and [5]. - 


This result indicates that t, can be determined if h; is known, since 
t; can be obtained by means of Equations [1] and [2]. 


In the tests, g” was found at each station from the measured 
surface temperatures and the known values of k and s for the 
test plate. The measured values of t, were constant over the 
entire bottom surface of the plate, due to the large film coefficient 
between the water stream and the plate. Fig. 13 shows the pat- 
tern of isothermal lines on the upper surface of fhe test plate, 
from test No. 9. The surface isothermals show a dip at the 
ecnter of the plate, matching the variation noted in thé jet trav- 
erses, Figs. 6 and 8. 

For test No. 10, the loe al heat- transfer coefficients were deter- 
mined and found uniform across the width of the plate. Values 


Fig. 13 - lsoTHERMALS ON Upper SurFAce or Test 


of h; in the following correlation were all based upon the average 
t; and ¢, for each station. 

Correlation of Heat-Transfer Data. The results can be repre- 
sented. by 


where 


Nr 


Vo 


; Subse _— oand f refer to nozzle outlet and film temperature, ely 


(t; + t,)/2, respectively. 
Figs. 14 and 15 show the experimental date for a 
and straight lines according to the equation 


Nyy = [10] 


where K is an individual constant for each station, which can be, 


expressed as a function of r/a. Considering all tests, Equation 
[7] becomes 


0.4 
= 0.105 (Np,)° 
a 


The range of measurements was 


134-103 < Np, < 2.94-10° and 15 < x/a < 126 

®’ The length s, was taken as the distance between the mid-planes 
of the copper buttons for the surface thermocouples. In the region 
near the nozzle, the heat flow is not perpendicular to the plate, owing 
to the temperature variation with length on the upper side. The 
difference between the true length of path, perpendicular to the iso- 
thermal lines in the plate cross section, and thé perpendicular dis- 
tance was determined and found to be negligible. 
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° STA A 4=30 
stac 
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Fig. 14 Nwu Versus Nr, Stations A, C, E 


15 Nyy Versus Ne,, Stations B, D, and F 


1.00 -— 


o10L 
110° 


/% - 


FOR ALL * AND ft/sec 
NUMERAL 2 INDICATES TWO COINCIDING POINTS 


CURVE tp oF | 
250°F 
= 200°F a 
= 


REPRESENTATION OF SURFACE-TEMPBRA- 


TURE PATTERN 


Special Graph for Surface Temperature. A graphical repre- 
sentation useful for determining the surface-temperature yaria- 
tion is shown in Fig. 16. A ratio similar to an effectiveness, de- 


fined as 


- a 


nate. 


is plotted as a function of Reynolds number, defined in Equation 
[9]. A given plate unit conductance k/s, initial jet temperature 
t,, and bottom, surface temperature t,, determine a family of curves 
such as Fig. 16, having z and v, as parameters. The lines on the 


. graph are for tests conducted with t, = 200 deg F. 


It will be noted that increasing v, has a smaller effect at higher 
velocities. Hence little would be gained by using initial jet 
velocities in excess of 160 fps with this nozzle. An increase of 
t, tends to shift the lines of constant », to the right, the lines of 
constant z remaining essentially the same. 

The ‘coefficient h; would not be affected greatly by a change in 
surface temperature and, according to Equation [2], t; depends 
only upon ¢,, t,, and z/a. Thus it would be possible to construct 
a similar family of curves for a different plate material and 
other initial conditions, using Equations [2], [4], [5], {11], and 
[12]. 

Mass TRANSFER 


Corresponding to the representation of N, in Equation [2] 
and Fig. 12, the results of the vapor-pressure traverses in the jet 
are shown in Fig. 17, with N,, defined by Equation (3], as ordi- 


30 


2.0 


20 30 40 5060 80 100 
n/a 
Fic. 17 N, Versus z/a 


(Numerals at each point represent number of runs averaged.) 


Assuming’ the same influence of z/a as in Equation [2 


_ the points in Fig. 17, are correlated by a curve according to 


NV, = 0.042 (: 

a 
Figs. 18-A and 18-B are sketches of typical measured profiles. 
Figure 18-D would represent the case of a jet becoming drier by 
dilution with dry air from the environment and condensation 
on the surface. A case similar to D, namely, Fig. 18-C, would 
represent entrainment of vapor from the environment, combined 
with evaporation on the surface, both contributing to the humid- 
ity of the jet. In the experiments, p was not measured close to 


* Without this assumption, a somewhat better representation of the 


points could be obtained. a 


Shy 
| 
| 
3-10? 
z / af 
8 
. 
J 


Since no condensation or e vaporation occurre d at the 


the curve in Fig. 18-B should not come toa mjnimum of 
p,, but would proceed as a vertical line approaching the surface. 
This is an inherent lack of similarity. 

If the experiments had been undertaken solely for checking 
the principle of similarity and not mainly for the practical purpose 
mentioned in the introduction, an arrangement yielding a profile 
according to C or D would have 
tion of the work, experiments with evaporation are being per- 
formed. In the present experiments, that partial pressure which 


the surface. 
surface, 


been chosen. In a continua- 


was measured closest to the surface was called p;, and was as- 
sumed to correspond to the maximum jet temperature ¢;. 


ComMMON CORRELATION BETWEEN Heat TRANSFER: AND Mass 
TRANSFER 


If heat transfer and mass transfer occur separately in geo-° 


metrically similar fields, and the boundary conditions for each 
case are alike, the principle of similarity may be applied to 
predict the behavior of one field from measurements of the other." 
In the present case, heat and mass transfer, respectively, are rep- 
resented by 


C NO (14] 

and 
(N wu)mod =C N, Np,” N Sc {15] 
where (Nw,y)moa = b;2/6 is a modified Nusselt number, a coef- 


ficient of mass transfer b, being defined by m” = b(p; — p,)/R T; 
(see Nomenclature), 
If the fields were perfectly similar,'! the constants C, m, n, and 
r should be the same in Equations [14] and [15], giving 
(Nwu)mod Nyy 
[16] 
Np,"Np,’ \N, 


To check the influence of the simplifications, two ‘“‘isothermal”’ 


experiments of diffusion were performed in analogy to the heat- 


transfer experiments in which no humidity differences existed. 

- The isothermal tests yielded essentially the same partial-pres- 
sure profiles as the nonisothermal diffusion tests. It was-also 
found that the jet-temperature profiles in diffusion and mere heat- 
transfer tests were practically identical. 

Based on this evidence of similarity, a common correlation by 
means of Eqnations [14] and [15] was attempted. Taking n = 
0.8 from Equation [11], and assuming r = 0.4, Vp, = 0.72 and 
Ns, = 0.63, a trial-and-error method led to C = 0.0242 and m = 
—0.4, so that 


Nyy = 0.0242 Ngo 


and 


(Nxu)mod = 0.0242 Np. Ng {18] 


Fig. 19 shows the common correlation. Either of the groups 

wu Np,~*4 or (Nvu)mod Np, can be considered 
depending upon’ whether .V, or NV, is taken as the 
The — line represents heat and mass transfer 


as ordinate, 

abscissa. 

alike. 
Comparing [2] and [13] gives 


119] 


10 Nusselt (11) has also derived equations for both processes oc- 
curring simultaneously. Here, his simpler equatiops for separate 
fields can be used, since the concentration of water vapor in air is 
small. 

1! Nusselt mentions that there is a certain lack of similarity be- 
tween heat-transfer and mass-transfer fields dn‘a heated or cooled 
surface where no change of phase occurs, since heat but no mass flow 
crosses the surface. 


TRANSAC OF THE 


(Circles represent temperature measurements. 
pressure measurements. 
mental values except the poinf marked !/; which represents four experimen- 


for any x/a. 


can be applied, 


The difference between NV, 
of similarity discussed in contiection with Fig. 18. 


p 


ASME AUGUST, 1950 


4 
y 
EXPERIMENTAL TEMPERATURE EXPERIMENTAL PARTIAL - 
PROFILE PRESSURE PROFILE 
“A B 
+ 

EVAPORATION PROFILE CONDENSATION PROFILE 
: D 
Fic. 18 Comparison OF SCHEMATIC PROFILES 

6 - - - 
e + -+ + + + 4 
z oO + + + 4 
° 
e. 4 
° z 
2 [8 
z ° 
2}.'« 
z 2 } 
z 
| 
-2 | 
110 
0.2 0.3° 04 06 O08 1.0 3.0 
No 
Fie. 19 ,A Sincte CorrevatTion ror Heat TRANSFER AND Mass 


TRANSFER *. 
Crosses represent partial- 
Each point re pre sents the average of eight e ex peri+ 


tal values.) 


Hence for any fixed value of Nx, and x/a 
= 1.05 - 


caused by the lack 
In fact, cool- 


and NV, may be 


ing of the jet by the plate, which has no equivalent in the diffu- 
sion tests; reduces ¢;and therefore makes N, larger, compared to 
cause.of the exponent. 


‘The influence upon Equation [20] is smaller, mainly be+ 
0.40 in equations [17] and [18]. 
Further experiments with evaporation under experimental 


conditions as deseribed in this paper are now in progress in con- 
tinuafion of our study for the United States -Air Forces. 


NUMERICAL E XAMPLE 


“The following example shows how the experjmental results 
An airplane is assumed at such an altitude and 
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speed that the outer windshield surface temperature is —30 deg F. 
A '/.-in. windshield is used, having a unit conductance k/s = 
5.6 Btu/hr ft? F. The initially at 
150 deg F, 50 fps, parallel to the inner surface, from a continuous 
'/-in. slot. Dry air .from the outside is used for defrosting. 
Cabin pressure is maintained at 20.6 in. Hg abs, equivalent t6 
10,000-ft altitude. i 
40 deg F. 

Assuming a film temperature of 40 deg F, 
to 


defroster discharges air, 


Cabin air temperature is 45 deg 


Equation [11] reduces 


hy = 4.93 


with A; in Btu/hr ft? F and z in ft. .This gives the values of 
h; in Table 2. The values of .V, and N, are found from Equa- 
tions [2] and [13], respectively. Solving Equation [1] gives the 
values of f;. Then Equation [6] is solved for ¢,. 


TABLE 2 VALUES OCCURRING IN 


EXAMPLE 


CALCULATION OF 


x, ft 
hj from Equation [21] 
Btu/he fp? 

from Equation [2] 

Np from Equation 3]. 

“ij from Equation ie deg F 

ts from E quation [6], deg F.... 2.i 

pj from Equation [3], psia : 276 51S 7 0. 
td.j from Steam Tables, deg | i 27.2 30.3 


From steam tables, p, = 0.1217 psia. Further, p,~0. Here- 
with Equation [3] yields the values of p;. The dew-point temper- 
ature fg; is obtained from the steam tables, as the saturation tem- 
perature at vapor pressure p, for the various x. Condensation or 
freezing is assumed to begin when ¢;,; = ¢,. Under the assumed 
conditions this occurs at a distance x = 1.25 ft (found by graph- 
ical interpolation). 

The table shows that (t, + t,)/2 forz = 1.25 ftis larger than the 
assumed value of the film temperature t; = 40 deg F. 


Using the 
correct’ temperature, 


however, would only change k, by 2 per 


cent, Le., within the accuracy of the equations. 
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Pressure Drop and Convective Heat Transfer 
With Surface Boiling at High Heat Flux; 
Data for Aniline and n-Butyl Alcohol 


By FRANK KREITH? ann MARTIN SUMMERFIELD,’ PASADENA, CALIF. — 


Heat-transfer coefficients to commercial-grade aniline 
and n-butyl alcohol have been measured at high rates of 
Data have been obtained for both of the liquids 
in the heat-flux range from 0.3 to 3 Btu/sq in. sec and in 


heat flux. 


the pressure range from 30 to 400 psia at velocities from 
20 to 40 fps. 
stainless-steel tube which was heated electrically. 


The test section consisted of a !/2-in-ID 


NOMENCLATURE 
The following nomenclature is used in this paper: 


area, sq in. 


friction coefficient, (ai 
= specific heat, Btu/lb deg F 
inside diameter of tube, in., 
heat-transfer coefficient, Btu/sq in. see deg F 
gravitational constant, ft/sec? 
pressure drop in head of liquid 
foreed-convection index, (Nu/Re"Pr'/*) 
(Nu/Re Pr)+ (uy 
= thermal conductivity, Btu/ft hr deg F 
= length, in. 
Nusselt modulus, (AD/K}) 12° 
= pressure, psia 
= Prandtl modulus, (Ca K X 36009) 
pressure drop 
rate of heat flow, Btu per see 
Reynolds modulus (VDp/u X 12) 
temperature, deg F . 
velocity, fps 
flow rate, lb persec 
absolute viscosity, Ib sec /sq ft. 
mass density, (Ib/cu ft)/g 


Subscripts 


e entrance 
Bor F = fluid bulk 
HT heat-transfer condition 
iso isothermal condition 
= saturation 

' This paper presents the results of one phase of research carried 
out at the Jet Propulsion Laboratory, California Institute of Tech- 
nology, under Contract No. W-04-200-ORD-455 sponsored by the 
U.S. Army Ordnance Department. 
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Aeronauties, Princeton University, Princeton, N. J. Jun. ASME. 
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tory, California Institute of Technology. © Now, General Editor, Aero- 
nauties Publication Program, Princeton University. Mem. ASME. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., November 27-December 2, 
1949, of Tue AmMeriIcaN Soctety or MecHantcaL ENGINEERS. 

Norte Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 49—A-94. 


vapor 
wall 
excess above saturation temperature 


INTRODUCTION 


This presentation is an extension of a previous paper by the 
In addition to water, the data for which 
were presented in the preceding paper, new data are presented 


same authors (1).4 


for aniline and n-butyl alcohol. 
EQUIPMENT AND EXPERIMENTAL TECHNIQUE 
A detailed description of the experimental setup used for the 
study of heat transfer to liquids at high heat flux has beer 
The test 
section was a stainless-steel tube 17.5 in. long, 0.587 in. ID, and 
0.020 in. wall thickness. 
heating element, as it was heated by electric current. 


presented in a previous paper by the authors (1). 


This tube served also as a resistance 
The 
heat flux was regulated by changing the voltage potential across 
the tube. Measurements were taken of the liquid flow rate, the 
inlet and outlet temperatures, the pressure, and the frictional 
pressure loss in the test section. The temperature of the heat- 
transfer surface-to-liquid interface was calculated from the 
temperature of the outer tube wall, which was measured at 14 
points along the tube by means of thermocouples. 

The technique for installing the thermocouples and the deriva- 
tion of the equation for the temperature distribution in an elec- 
However, in 
tests with aniline as a coolant, it was found that a deposit formed 
There- 


fore it was necessary to devise a technique for correcting the 


trically heated cylinder has been discussed (1). 
on the inner tube wall after short periods of operation. 


temperature measurements in order to obtain a true indication 
of the liquid-to-surface interface temperature. 

A standard check test at a flow rate of 4.3 lb per sec, a pressure 
of 100 psia, and a heat flux of 1.2 Btu/sq in. see was made with 
a clean and newly installed tube, and a true liquid-to-wall inter- 
The data of this test could be 
reproduced within +5 deg F in subsequent tests after cleaning 
A standard 
test under the foregoing specified conditions of flow, pressure, 


face temperature was obtained. 
the tube with a rag saturated with clean aniline. 


and heat‘ flux was made before and after each series of tests, 
10 min. During this 10-min period, a 
deposit formed on the inner tube wall which caused, on the 
average, an outer-wall temperature indication of 30-50 deg F 
higher than the original test on the clean tube. 


which lasted less than 


The build-up 
of the deposit for short periods of heating was found to be ap- 
proximately a straight-line function of time, and by plotting 
temperature increase due to scale versus time for each series of 
tests, a temperature correction, corresponding to the time 
interval at which the test data had been obtained, was deter- 
mined, The correction which had to be applied amounted to 
less than 5 per cent of the measured temperature, and the 
accuracy of the temperature of the liquid to surface interface 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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is believed to be at least within +15 deg F. Reproducible data 
within +10 deg F were obtained in tests made on different days 
with the same test section. 

The n-butyl! alcohol did not form a deposit on the heating sur- 
face, and thus the wall-temperature measurements did not 


require any corrections. In the test with n-butyl alcohol, the - 


. frictional pressure loss was measured with a differential mercury 
manometer, as well as a differential Barton’ pressure gage (1). 

Each series of tests was made by setting the power level and 
flow rate, and changing the back pressure’ by adjusting the con- 
trol valve on the downstream side of the test section. This 
technique made possible a maximum number of tests in a mini- 
mum time. At least five complete records of all the thermo- 
couples mounted on the outside of the tube were obtained for 
each test, and steady state was assumed when three or more 
of the temperature records agreed within 5 deg F. In separate 
tests it could be shown that the time lag of the heating tube was 
less than 2-3 see before coming to equilibrium. Heat bal: ances 
between the electric power input and the thermal power output 
check within 2 to 3 per cent ‘for all the tests. 

EXPERIMENTAL RESULTS * 

Heat Transfer to Aniline With Bubble Formation Adjacent to 
Heating Surface. In the course of the experiments, data were 
obtained on the heat-transfer characteristics of aniline flowing 
upward in a stainless-steel tube 0.587 in. ID. The experiments 
covered the pressure range from 40 to 400 psia, and the heat- 
flux range from 0.3 to 3 Btu/sq in. sec at velocities of about 20 
and 40 fps. The aniline. which was used in the: experiments 
was taken from the rocket-fuel supply of this laboratory. 

The data presented in this paper have been corrected for 
deposit build-up and are representative of heat transfer from a 


| | ANILINE IN’ S. S. TUBE, VELOCITY = 37 ft/sec 
| | | BULK TEMPERATURE 105 - 120 °F 
u 
BOILING TEMPERATURE FOR] 26 
600F CHEMICALLY PURE Sere 
ANILINE = 
21.6 
3 + + + + + + + + 
" VAPPROXIMATE BUBBLE POINT TEMPERATURE CURVE 
T | FOR ANILINE SAMPLE [IT] 
100 200 300 400 


PRESSURE psic 


Fie. 1 Wari Temperature VerRSsUS Pressure (ANILINE) 


The results of the first 
series of tests are shown in Fig. 1 as plots of wall temperature 
versus pressure at a constant aniline flow rate for various heat 
fluxes. It can be seen that as the pressure is reduced, the wall 


surface of known temperature to aniline. 


temperature necessary to remove a given heat flux decreases. 
This phenomenon has been observed previously in heat trahsfer 


to water with surface boiling. In the water expetiments the de-- 


crease in wall temperature with reduction im pressure occurred 
initially at the saturation temperature of the liquid, The results 
with the commercial-grade aniline, on the other hand, show that 
the temperature potential, necessary for the removal of a given 
heat flux begins to decrease at a wall temperature more than 100 
deg F below the saturation temperature of pure aniline. 


In the search for an explanation of the occurrence of surface; * 
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boiling phenomena at temperatures below the saturation point 
of the liquid, a plot of friction coefficient Cp and heat-transfer 
coefficient Cy versus pressure was made at a flow rate of 16 Ib ‘sq 
in. sec at a heat flux of 2.1 Btu/sq in. sec, Fig. 2. An eXamina- 
tion of these curves shows that the friction coefficient, as well 
as the hest-transfer’ coefficient, increases as the pressure is 
reduced. This increase in friction coefficient was believed to 
be caused by the formation of gas bubbles in the heat-transfer 
tube. After studying the results of the aniline tests, t was 
assumed tentatively that some phenomenon similar to surface 
boiling brought about the phenomena which correspond to the 
surface-boiling effects in water-cooling. On the assumption that 
bubble formation was causing air increase in turbulence level 
and a corresponding increase in heat-transfer coefficient with 
veduction in pressure, an-effective bubble-point curve was 


ANILINE IN-S.S. TUBE 0.586 in. 10 


° 100 200 300 
PRESSURE — psia 


Fic. 2 Heat Friction Mopvuti Versus Pressure 
(ANILINE 


estimated from the heat-transfer data presented in Fig. 1; it is 
superimposed on the same graph. 


In order to obtain further proof of the bubble-temperature’ 


curve, estimated from the heat-transfer characteristics, a sample 
of the aniline which had been used in the experiments was ana- 
lyzed for impurities and gas content; also the bubble tem- 
peratures were observed visually at reduced pressure in a dis- 
tillation apparatus. The chemical analysis showed that about 
5 per cent of water was dissolved in the aniline, and the experi- 
ments on bubble temperatures at reduced pressures indicated 
that bubble formation oecurred at temperatures considerably 
below the boiling point of pure aniline. It was not feasible, 
without great expense and effort, to extend the visual observa- 
tion of bubble temperatures to the pressure range used in the 


- heat-transfer experiments. It was, however, possible to cal- 


culate a theoretical bubble temperature for the water-aniline 
solution at the critical pressure of aniline from Raoult’s law. 

The bubble temperatures obtained by three independent meth- 
ods, (a) the visually observed bubble temperatures in the low- 
pressure range, (b) the calculated bubble temperature at the 
critical pressure, and (c) the bubble temperatures estimated 
from the heat-transfer experiment in the intermediate pressure 
range, are shown on One graph, Fig. 3, as the logarithm of the 
absolute pressure versus the inverse of the absolute temperature. 
Over a wide pressure range, all data fall on a smooth and continu- 
ous curve and thus lend additional weight to the explanation 
of the heat-transfer phenomena in terms of bubble formation 
adjacent to the heat-transfer surface. , 

The second series of tests was ‘designed to determine the in- 
fluence of velocity and bulk temperature on heat transfer to 
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t t } aniline for the heat-flux and pressure ranges covered in the 
. + 1 Ne ‘aaa parSoURE CURVE tests just described, for which the entrance velocity was about 
1000/4 a FOR WATER : 37 fps. The entrance velocities for the tests in this part of the 
program were held to about 20 fps, and the bulk temperature 
4 

— — .. 3. BUBBLE TEMPERATURE ranged from 100 to 170 F. It was found that when the surface 
temperature exceeds the bubble temperature, the wall tempera- 
: } | ABOUT 5% WATER) ture is determined primarily by the pressure; the effects of 

aie TK es changes in velocity, bulk temperature, and heat flux are small. 

APOR 
50 pee ca Pull I | A summary of the results of the heat-transfer tests with aniline 
ANILINE -—7—7—T is presented in graphical form in Fig. 4, and the basic data from 
. LEGEND the tests is given in Table 1, with important calculated results 
10} ~ a he neu t The graph in Fig. 4 shows (for an average fluid bulk temperature 
s| x BUBBLE TEMPERATURE + of 115 deg F) the temperature difference between the surface-to- 

+ 


ESTIMATED FROM HEAT liquid interface, and the bulk of the aniline necessary to remove 


PRESSURE (/bs/sq in.) absolute 


= + —~ r heat fluxes from 0.3 to 3 Btu/sq in. see at pressures of 35, 115, 

. PURE ANILINE a « wf and 365 psia, for velocities of 21 and 37 fps in the pure forced- 
@ THEORETICAL POINT CALCULATE + convection regime, and in the bubble regime. Only a few points 
os FROM RAOULT 'S LAW so 5 were obtained in the transition region, and the curves in this 
region were faired by comparison with the previous water tests 

60.7 wil te (1). For some of the points the test pressure did not correspond 
+ *Ranxne © exactly to the pressure ranges chosen for this presentation. In : 
those cases the surface temperature was estimated from data 
Fic. Burste-Point TemMperatuReE CoMMERCTAL-GRADE 


which were obtained in tests at pressures slightly above and below | 


(Containing about 5 per cent water.) the pressures presented in Fig. 4. For this type of presentation 
7 TABLE 1 HEAT-TRANSFER DATA* FOR TESTS WITH ANILINE 
a (Corrected for formation of deposit) Oo 
‘Test! | Power | Floe| Heat | Ty Tp| Rep |Preseure) Nu j Vv 
No. Outlet) Potential | (watts)! Rate | Plux | 
| (volts) | @/A | | | 
1] 96 | | 25.9 | 40. 4.32|1.188 | 394.112/76270| 96 0.00621 1067 | 7.188 |0.00390/36.87| 8.6 | 0.0105 
2|103 | 120 |} 140.7 | 4. 32)1.188 375/114 78820 (0.00455 /1153 | 6.45 |0.00385/36.98/10 | 0.012) 
+ + + 
3 | 25.9 40.7 | 4.32)1.188 | 403 117/81570) 99 [0.0041571052 | 7.13 [0.00338) 36.98] 9.5 |0.0115 


4 | 103 126 | 31.2 | 54 $__|4.32]1.$91 | 460/116/80630/ 99 | 6.88 00367|36.98| 9.5 (0.0115 | 
| 101 125 | 31.2 | $6.75 | 4.361.657 41012388090) |0.00577/1463 | 6.78 |0.00648/37.27/12 0.0143 | 
6 [100 | 133) 36.4 170.8 07 J2.0586] $60/116/75970| 284 [0 00464/1176 (11.92 |0.00375/34.84| | 0.0100 | 
? 70 4.37/2.044 490/116 8 6 8157 0| 134 |0.00846/1386 | 9.78 [0.00423/37.41/10.5 0.0125 


[ior 133 72.5 [4-32 117 | 460,116 88 0.00015|1559 8-88 [0.0182 | 
9 14s | 36.1 74 


36.1 4.32 /2.161 | 430/116 180630) | 7.91 [0.00855| 36.98/14 [0.0170 | 
10 7 116) 25.9 | 00.7 396)110'74640) 96 {0.00015 {1082 7.46 8.6 [0.0108 | 


+ 


li 25.9 | 40.5 |4.10/1.183 | 390 103/67150| 29 00412 /1044 | 8. 100]0. 0374/36. 58] 9.5 [0.¢118 | 
12 st.4 [4.32/1.676 | 458/116/806%) 99 00490/1242 | 9.6 0.0117 | 
13 133 [4.32] 729 95130] 29 [0.00640 [1622 6.417]0. 00516|37..04 [12.4 [0.0150 | 
14 [102 [133 | 36.1 71 4.32/2.073 | $36/118/83310 265 0.00496/1287 110. 795/0.00373/36.98| 7.5 |0.u091 
[10s [136 [36.1 | 470/122/87S00| 99/0. 00896]1511 | 9.7 [0.0118 


[108.3] 138 | 36.1 | 72 T4.2012.10 102 | 404/128 /93330/ 29 ).00762 1932 6.209 [0.00876 37.08/13. 2 10.0139 | 
17 | | 25.9 | 39.12 [398/128 99 [0.00401 /1016 | 7.339/0. 00384) 36.92] 8.5 [0.0106 


127 | 36.8 [4.32 /2. 085, | 250 [0.0 00501 [1270 10. 36/0. 00380/37.10| 7.7 [0.0093 
19 [103 [135 | 36.8 74.65 [4.312.180 | 476/117 /84340| | 9.247]0.00488/36.90/10 [0.0122 
20 [| 138 | 36.8 | 76.3 [4.31/2.170 | 34 0.00736]1866 | 6.904/0. 00871/37.01 [12.5 [0.0182 
| 118 [25.9 39.25 [4.31/1.146 | 98 | 7.231]0.00352/ 36.78) 8.4 [o.0103 | 
22 | 99 [122 | 32.3 $5.42 [4.24/1.618 | 482/108 72910] 199 |0.00434/1100 |10. $49/0. 00358) 36. 78| 7.2 


4 
4 
23 {101 126 33.3 $6.42 | 4.32/1.647 | 460. {82530 99 0.00482 /1222 8.673 0. 36.96) 98 | 
4 
4 


24 {101 | 126 | 32.3 | $7.75 "28/1. 686 | 394 EOC [3740] [0.00615]1559 | 6.694/0. 00471 [36.70]11 
25 | 86 103 168 | 401 {100 {64800] 98 |0.00389| 983 | 8.710/0. 00387] 36. 66) 
26 | 94 | 110 25.9 | 40.02 |4.32/1.169 | 406]101 266 [0.00390] 988 | @.629/0. 00356] 36. 75] 
a7 97 | 137 | 36.6 | 74 4.32/2.161 | $17/116|80630| 165 _|0.00$39/1366 _|10.357|0. 00420] 36. 98 
26] 93 | 110 | 25.9 | 40.5 |4.32/1.183 | 396|106|68790| 98 0040S|1026 8.095]0. 00360] 136. 81, 


100 128 36.8 | 70.3 | 4.32/2.132 | $50 114 |7aa20| 275 | 0.00489 /1239 12.027[0. 00379] 36. 92] 92] 
30 | 86 103 25.9 | 40 168 98163780] 100 0.00389| 986 6.871 0.00358 36 69) | 

* Ap in inches of water X10 ~!. . { a | 
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TABLE 1 (Continued) 


Temperature | Electric | Power | Flow] Heat Ty Tp Rep Pressure 


Inlet| Outlet Potential! (watts)| Rete! Flux 
(volts) q/A 


16 | 31.20 4.32 |1. 606- [494 |198 73070 0.00416 |1054 [10.909 |0. 00342 | 36. 86 
136 | 36.8 4.322.161 [$50 [11478820 0.00496 /1257 [12.027 [0.00385 /36.92° 
117 [25.9 | 39.8] 4.32/1. 162 [405 [106] 70160 0.00389/ 986 | 8.197 36.81 
119 | 25.9 [398/108 100 7. 7420. 0030836. 98 
| 4.32/2.628 [$40 /116/81570| 269 | 0.00620|1572 11.026 |0. 00475 36.98 
628 [500 |120/84520/ 116 | 0. 00692/1754 | 9. 651 |0. 0025]37.10 
4. 32|2. 628 [487 $4 0.00784|1987 | 8.0000. 0596/37. 10 
4. 32/2. 628 [430 [122 690, 34 0.00853 7. 273 |0. 00657 |37. 10 
7884) 310 [11477940 / iss To. 018 | 4. 787 /0.00358/ 36.61 
4.320. 788 [305 /112/76280/ 34 0.00408/1034 4742/0. 0036/36. 66 
4.32/0. 788 [310 /112/76250| 100 | 0.00398/1009 | 4894/0. 00355/36. 86 
| 39.3 491. 1476/417 [110 | 99 0.00374] 948 6:103 |0. 00549 25 
38.8 2.532. 1330] "500 (47580 | 262 748 9. 348 (0.00396 $7 
40.25 | 2.51]1.1753/375 1128 /S4340| | 0.0067 00631 /21.59 
[26.1 | 2.49[0.7621| 425/118 250 0.00265) 621 036 
26.1 | 2.49/0 [0.00256] 649 | 7.414) 0. 00360/21.32/ - 
| 2.50/0. 7709) 392/117) 47020 | 40 10. [ 710 | 6.719/0.00397/21.40, - | - 
| 4. 32/2. $112) $46 /120/a5550| 265 | 0.00889/1493 110. 789[0.00433 37.06 7.5 [0.0090 
5 ~ 4.32]1. 606 264 | | 6.5 [0.0076 
| 4.31]2. $112 508 |120 [5360] “136 11640 318 [0.00488] 36.96 9.3 [0.0113 
3 1 | 520 |116/42690| 252 | 0. 1026 |10. 610 |0.00606/ 21.23 | 7.1 [0.0261 | 
31.2° | 2.48/21. 606 | 450 |116/42690| | 0. 00461/1219 8. $29/0.00742/21.23/ 9 [0.0329 | 
31. 1.664 | 386/118/47400/ 3 1874 | 6.439/0. 00898) 21. 34 
36.8 2. 550 |130| $4940 1290 733[0.00619/21.30 4.6 [0.0168 | 
36.8 48/2. 190 | 480 /126]52310 1569 | 8.388/0.0079% 21.4) - | - | 
48/2. 219 | 435 |145/62530 1939 | 7 | 0.0254 | 
20.9 [26.1 | 0. 7621] 432 [101 {38610364 | 0.00230] $83__| 9.815]0.00350/ 21 "44 | 2.6 [0.009% 
38 2.47]1. 1096] 365 | 0.00255] 646 368/0.00355/ 21.08) 2.6 | 0.0097 
(99 | 140] 2.8 | 56 48/1. 5768] $75|120/48530/ 364 | 0.00347| 879 (11. 857/0.00450/ 21.27] 2.7 [0.0099 | 
[ios | i6o| 34.9 {72.3 | 2.48]2.111 |$97|122] $2370, 36a | - | - 


8.036 00353/21. 28 | 


it was riecessary to use a common bulk temperature, and the ANILINE. FLOWING UPWARD IN S.S. TUBE 
arithmetic average for all tests of 115 deg F owas chosen. Bearing 0.587 in ID 
in mind the limitations in the accuracy of wall-tempersture ——BUBBLE REGIME -——~— FORCED CONVECTION 
measurements ‘(+15 deg F), the graphical presentation of the 
data in Fig. 4 may be used in design to determine the tem- ; 
perature of the liquid-to-surface interface necessaty to remove 
heat rates up to 3 Btu/sq in. sec. 

The conventional heat-transfer coefficient is defined as 


PRESSURE 35 365 psia 


Btu/sq in.’sec 
n 
‘ ° 


The data presented in Fig. 4 can be’evaluated in terms of the 
heat-transfer coefficient by dividing the ordinate (q¢/A) by the 
abscissa (7'y Ty) at any desired heat flux. Calculations of 
this type show that heat-transfer coefficients 3 to 4 times larger . =2tft/sec | 
than for pure forced convection can be obtained by reducing v = 37 ft/sec 

the pressure and operating at wall temperatures: which permit | | | | 

the formation of bubbles adjacent to the heat-transfer surface. : 100 180 200 "300 400 — 

No flow instabilities were observed in any of the tests with (Twas ~ 5) °F : 


0.031 


° 


HEAT FLUX DENSITY 
° 


aniline, and no tube failure due to overheating was encountered 
(1). The stability of operation in cooling a surface at high heat 
flux with aniline containing small amounts of water is probably 
aided by the low vapor pressure of the major constituent of the * conditions of the tests were probably not as severe from a cavita- 
liquid. In such a two-component system, where only a small tion point of view as those’ with water, and indeed no vibrations 
portion of more volatile liquid is present, the bubbles formed on were encountered. The maximum bulk temperature of the 
the heating surface may not be able to exist for any appreciable aniline was 170 F, which is about 100 deg F below the bubble 
length of time in the main stream or grow to such a size as to temperature at the test pressure of 34 psia. For this test the 
cause violent vibrations when they collapse. Therefore the wall temperature was about 150 deg F above the bubble point. 


Fig. 4 Hear Frux Versus Temperature DirFeERENCE (ANILINE) 
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KRE ITH, SU MME RE 1E L D PRESSURE DROP AND HEAT TRANSFER WITH SURFACE BOILING 873 
TABLE 1 (Continued) 
Test) Temperature | Flectric | tower | Flow! Heat | Ty| Tp Reg \Pressure| Nu Cp 
No. | Inlet|Outlet| Potential Rate! Flux 
(volte) q/A 
61 | 91 102 15 158.2 | 2.48 [0.4438 300} 116 0.00219; 555 $.657}0.00379/21.03 | - - 
62 | 93 | 15 15.2 [2.48/0. 4438 |300]100|37290 35 [0.00222] $62 | $.455|0.00378/21.06| - 
63 | 95 102 15 15.2 | 4.32}0. 4436) 200 0.00355} 900 3. 462/0.00370/36.69| - 
64 | 94 102 15 15.2 | 4.32 0. 4438 | 227 100 | 64960 25. |0.00349)| 884 3. 484 0.00363/36.69 | - 
65 | 95 102 12.6 11.2 | 2.48 0. 3270 |245 37290} 250 0.00226} $73 3.971 0.00402 (21. 06 
66 | 94 100 12.6 11.2 | 4.32 0.3270 |192 100 | 64960 4 0.00355 | 900 2.700 |/0.00358|36.69 | - - 
67 | 100 120 20.9 26 2.48 0.7592 /368|110/ 41770 34 0.00281 | 747 | 6.912|0.00433/20.63 | 3.5 |0.0084 
68 | 101 132 25.9 39.8 .48/1.162 |375/118| 47380 34 0.00452 |1146 6.159 |0.00379|21. 23 4.7 10.0106 
69 |102 145 | 31.2 | 56.1 | 2.48/1.638 |380/120 20/ 48530! __34_ 00630 |1597_| 6.10310. 00691 121.27 | §.65/0 0128 
[112 20.9 | 26.4 | 4. 32/0. 7709] 315|110 10/74620| 365 0.00376 | 953 5. 1090. 00339] 6. 
28.9] 40 | 4.32]. 168 364 [0 00389! 986 7.966 /0.00330/36.86 | - 
“72 | 128 | 31.2 | | 4.32/1.588 {soo [112] ]16250] 365 [0.00409 [1037 _|10. 698 /0.00329|36.92 | - 
f103_ | 135 | 36.6 72.5 |4.32]2.117 366, [0. 00462 hin 222 - 
[103 140 | 40 84 4.32/2. 4508 |602|120/85550| 364 005081288 - 
| | 37.7 | 2, 48|1.1096 |S4s 100/37120| 364 0.00249 631 |14.211 - | | 
{92 120 | 25.9 | 36.6 212 10.0301 | 763 |10. 44a lo 00425/21.16 | 
| 126 | 28.9 39.1 [2.481.186 [0.00367 | 930 8. - - 
“te | 130 | 25.9 | 39-8 |2.48|1.168 34 [0.00480 |1144 5.887 [0. 00634/21. 27 | 4.8 |0. 0108 
98 | 130 | 36.8 | 72.8 |4.32/2.117 |s6o 79710] 364 [0.00476 |1206 | - | 
80/93 | 188 | 40 2.482.482 |545|110|42840| 3146 [0.00871 |12. 368 /0. 007 $4|21.16 | 8.1 10.0185 
81 [102 | 170 | 40 _ 13.4812. 999 [470[125/$1630] 115 |0.00776|1917 | 7.989/0.01007/21.30/ - | - | 
82 {102 | im | 40 90 2.48/2.628 53700] 34 [0.00876 |2221 6.818 {0.01150 
83 | 88 154 40 86 2.48/2.511 137 0|118|47380| 364 0.00556 |1409 (11.972 lo. 00725 | - 
98 184 [73.5 48]2.140 [$2310] 367 [0.00079 /1214 [11.000 00588) 21.30 | 
Bs ise | 31.2 [107.5 | 2. 48/1. 362 |0.00369/ 935 | - 4 
“ee 140 | 25.9 | 76.5 [2.48/1.117 362 19. 00272 | 689 
87 | 95 ‘102, - 31.5 | 4.3210. 4438 229 100/ 64960) 24. S | 0.00344) 872 3.$53|0.00359| 36.69 | - - 
-— + 7 7 — 1 
| 94 | 100[  - | 23 | 4.32]0. 250 872 - | - | 
In water tests, flow instabilities occurred when the bulk tem- = 
perature approached the saturation temperature within 80 deg STAINLESS STEEL TUBE 0.528 im 10 
F, and the wall temperature exceeded the saturation temperature j 
by about 55 deg F. In comparing results for both liquids it must 
be remembered that the boiling point of pure aniline is more : ' /, ft > 
than 100 deg F above the bubble point, and the information as to  -_ PORCED CONVECTION wll va 
whether the saturation temperature or the bubble-point tempera- sec 
ture is important in causing violent cavitation is inconclusive at 
is date os 
t is expected that with pure aniline (without water) the transi- ~ ate _ 
tion from the forced convecti he boiling regime will take o« TRANSITION POY 
ion from the forced convection to the boiling regime will take ° 7” CALCULATED TRANSITION POINTS 
place at a higher wall temperature in correspondence with the ad tos 
vapor characteristics of the liquid. As soon as the wall tempera- A) 
ture, at a given pressure, exceeds the boiling temperature of the 4 
“coolant, it is expected that the pressure will determine the heat- 60 80 90 100 200 300 400 $00 600 HO 
transfer surface temperature and changes in flow, bulk tempera- 
ture, and heat flux will have only a secondary influence similar to Fre. 5) Hear Versus TemPeraTuRE PorentiaL ror N-BUTYL 


. the results obtained for pure water and n-butyl] alcohol. 
The effect of dissolving a more volatile component in a liquid 
. of low vapor pressure on the heat-transfer characteristics is some- 
what similar to the effect of dissolved gases as shown by McAdams 
(2). Working with an electrically heated test section of annular 
McAdams found that bubble formation and _ surface- 
boiling phenomena occurred at lower wall temperature as the air 


shape, 
content of the water was increased. These results agree qualita- 
tively with the observations in the present study. 
Heat Transfer to n-Butyl Alcohol With Surface Boiling. A 
summary of the results of the heat-trarisfer tests with n-butyl 
*“aleohol is presented in Fig. 5, and the basic data from the tests 
are given ‘in Tables 2 and 3, with important calculated results. 


ALcoHOoL aT Various Rates 


The curves show (for an average fluid bulk temperature of 95 F) 
the temperature potential necessary for the removal of heat fluxes 
up to 3 Btu/sq in. sec, at pressures of 50, 100, and 200 psia, and 
for entrance velocities of about 20, 30, and 40 fps. An inspection 
of the curves in Fig. 5 shows that when the surface temperature — 
exceeds the boiling point of the alcohol, (a) substantial increases »= 
in heat flux result in only minor increases in the temperature of _ 3 
the heat transfer to liquid surface interface, and (b) the tempera- 
ture of the heat-transfer surface is insensitive to variations of the on ff 
coolant velocity in the surface-boiling regime. 

During one test in the surface-boiling regime, the influence of — 
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TABLE 2) HEAT-TRANSFER AND FRICTION DATA FOR TESTS WITHOUT SURFACE BOILING (n-BUTYL ALCOHOL) 


Test w Tin | v q/A Ty] T | [Rep | 
-No. “Electrical | Thermal x 107° Ly bop, 0.33) 
x 10-2 Fur 
1 3.85 86 | 11.5] 43.1 0.82 298| 92 | 3.741] 74.1 | 991] 7.33 “4.14 
2 | 3.85|85 | 11.4] 40.9 0. 80 0.77 | 303] 48 | 3.59] 66.1 | 952 | 8.10 4. 30 
3 13.84] 87 | 16.8 | 41.0 1.19 1.16 | 393] 95 3.88] 73.1 | 1028 81 4.39 
4 | 3.84/90 | 11.2 | 41.0 0.79 0.77 | 301/93 | 3.71] 71.4 | 983 | 7.37 4.25 
| 3,84] 97 | 11.3) 40.8 0.79 0.79 | 314] 87 3.48] 65.8 | 922 | 8.66 4.17 
6 | 3.83] 89 | 17.0} 41.2 1.21 1.21 | 420]100 | 3.79] 77.6 | 998 | 12.70 4.21 
7 13.84/97 | 6.2] 41.2 0.44 0.46 | 225/100 | 3.66] 77.6 | 9M | 4.00 4.02 
8 | 3.84/92 | 4.7] 41.1 0.33 0.33 | 189] 98 | 3.63] 75.7 | 962 | 2.97 4.03 
9 | 2.79193 | 6.6 | 29.9 0.34 0.33 | 224] 98 | 2.59] 55.0 | of | 4.10 3.71 
10 | 2.79/93 | 9.1 | 29.9 0.46 0.46 | 265/100 | 2.77] 56.4 | 737 | 5.37 3.94 
ll | 2.79194 | 14.9 | 30.0 0.78 0.79 | 375|104 -| 2.91] 59.4 | 769 | 9.50 4.10 
12 | 3.85/86 | 11.1) 41.1] 0.80 0.80 | 320] 94 | 3.54] 72.3 | 938 | 7.23 4.03 7.45 |0.0119| 1.67 
13. | 3.85/87 |16.5|41.2) 1.18 1.16 | 405] 98 | 3.78] 75.9 |1002 | 12.13 4.20 6.28 10.0100 | 1.96 
14 | 3.85] 88 | 11.1) 41.1 9.79 0.79 | 320] 96 | 3.47] 74.0 | 920 | 7.06 3.91 7.58 |0.0121 | 1:63 
15 | 3.84]92 | 3.1] 41.0 0.22 0.21 | 163] 94.5] 3.07] 72.2 | B14} 2.35 3.51 10.78 [0.0173] 1.15 
16 | 3.84] 89 | 4.81] 41.0 0.34 0.34 | 192] 92.5] 3.39] 70.6 | A949] 3.2 3.91 10.02 | 0.0161.) 1.24 
17 | 3.84/90 | 6.8} 41.0 0.48 0.47 | 228] 93.8] 3.52] 71.9 | 933 | 4.45 4.02 9.22 |0.0149] 1.34 
18 | 3.84/94 | 3.0] 41.1 0.21 0.21 | 164] 9% | 3.09] 73.9 | 819 | 2.27 3.48 10.84 | 0.0174} 1.14 
19 | 3.84/88 | 4.8] 41.0 0.34 0.33 | 191] 91.2] 3.35] 69.6 | 688 | 3.31 3.90 10.11 | 0.0162 | 1.23 
20 | 3.84/91 | 41.1 0.47 0.46 | 226} 94.8] 3.53] 72.2 | 936 | 4.34 4.03 9.28 | 0.0149] 1.34 
21 | 3.84/89 | 3.1 141.0 0.22 0.22 | 157] 91.5] 3.27] 69.8 | 867 | 2.25 3. 80 10.88 | 0.0175} 1.15 
22 | 3.84196 | 4.7] 41.1 0.33 0.33 | 196] 99 | 3.50] 76.6 | 928] 3.12 3. 87 10.01 | 0.0160] 1.22 
23 | 3.84/92 | 6.6] 41.1 0.47 0.47 | 228] 94.8] 3.60] 74.5 | 954] 4.30 4.04 9.24 | 0.0148] 1.33 
24 | 3.84/90 | 3.0] 41.0 0.21 0.21 | 158] 91.8] 3.24] 70.0 | 859 | 2.25 3. 76 10. 84 |9.0175] 1.14 
25 | 3.84/91 | 4.7] 41.0 0.33 0.33 | 191] 93.5] 3.40] 71.6 | 901 | 3.22 3. 89 10.06 | 0.0161 | 1.24 
26 | 3.84/93 | 6.4] 41.1 0. 46 0.46 | 225] 97.5] 3.59] 75.4 | 952 | 4.12 4.00 9.30 | 0.0149] 1.32° 
27 | 2.22]92 | 5.3) 2.7 0.22 9.22 | 191] 97 | 2.28) 43.2 | 604] 3.05 3.95 3.69 | 0.0177] 1.26 
28 | 2.22/92 | 7.9/23.8 0.33 0.33 | 245] 95 | 2.19] 42.2 | 580] 5.01 3.85 3.22 | 0.0154] 1.47 
29 | 2.22] 90 | 10.7 | 23.8 0.44 9.45 | 290) 96 | 2.33) 42.8 | 618 | 6.67 4.07 2.83 | 0.0136 | 1.65 
30 | 2.22/90 | 14.4] 23.8 0.60 0.62 | 350/100 | 2.48] 44.9 | 657 | 9.09 4.14 2.40 10.0115} 1.96 


bulk temperature upon the temperature of the heat-transfer sur- 
face was investigated. The n-butyl! alcohol was circulated at a 
constant flow rate and at constant pressure, but without being 
passed through‘the heat excl.anger. This procedure resulted in 
the bulk temperature of the liquid increasing from a value of 100 
deg F toa value which was higher than 200 deg F. The wall-to- 
liquid interface temperature was unaffected by this increase in the 
bulk temperature of the liquid and remained constant at 386 deg F, 


thus proving that in the surface-boiling regime, the tempera- .- 


ture of the interface between the liquid and the heat-transfer 
surface is insensitive to changes in bulk temperature. 

In reference (1), the results of the experiments on heat transfer 
to water, with surface boiling, were correlated by plotting the 
excess temperature against pressure for constant heat fluxes. 
‘Fhe excess temperature was defined as the temperature difference 
between the wall-to-liquid interface and the boiling point at the 
pressure of the liquid during the test. The results of the tests 
with n-butyl aleohol are presented in the same form in Fig. 6 
where the excess temperature is plotted against pressure for 
various heat fluxes. During these tests, the flow rate of the n- 
butyl aleohol was held constant at 3.85 lb per sec. It can be seen 
that the excess temperature required to remove a given heat flux 
at a constant bulk temperature decreases as the pressure in- 
creases. A corresponding relationship between excess tempera- 
ture and pressure exists for water; however, the curves for water 
have a steeper negative slope than do those for the n-buty!] 
alcohol. : 

A further comparison of the results obtained from tests using n- 


} 
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« 
2 
8 5 2.55 Btu/sqinsec | HEAT FLUX * 0.05 Btu/sq in sec 
2.25 Btu/sq in. sec FLOW RATE 3.85 (ib/sec) 
X 1.70 Btu/sq in sec | BULK TEMPERATURE 80 to 130 °F 
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butyl alcohol as a coolant with results obtained from tests using 
water as a coolant is presented in Fig. 7. In this figure the excess 
temperatures (from Fig. 6), are plotted against heat flux for con- 


stant pressures (100 and 25 psia). The results obtained in tests - 


with water at corresponding pressures are superimposed on the 
same graph. F 

An inspection of Fig. 7 shows that the general trends of the 
curves for the n-butyl aleohol agree with trends of the curves for 
water. However, for the removal of the same heat flux, the n- 
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TABLE 2 
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HEAT TRANSFE R WITH SURFACE BOILING 


(Continued) 
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ALCOHOL AND WATER 


butyl aleohol requires an excess temperature which is about 25 
deg F higher than that required when water is used as the coolant. 
The test sections used for both liquids were of similar dimensions, 
and the Reynolds number (evaluated at the bulk temperature ) 
was about 75,000 for both liquids. A bulk temperature of about 
100 deg F was used during the tests with both of the liquids. 

The qualitative remarks presented next are pertinent to the 
proper use and interpretation of the data on heat transfer with 
surface boiling. Because the bulk temperature was nearly con- 
stant during the tests, the degree of subcooling of the bulk of the 
liquid was not the same in tests at different pressures. Even 
though the bulk temperature or degree of subcooling has no effect 
upon the wall temperature in the fully developed surface-boiling 
regime, the point of transition from the pure forced-convection re- 
gime to the surface-boiling regime is dependent upon the bulk 


of the liquid. Thus at a higher 
the transition will occur at a lower heat flux, 
The heat flux at transition can be calculated 


and 
bulk temperature, 
and vice 


temperature pressure 


versa. 


for a given bulk temperature and pressure by the following 
equations 
K 
(q A Jerans = 0.034 Re' lt ( -) (Ts Tp 
D 
for n-butyl aleohol. . .(2] 
, - kK Mr ony 
(q [A Jerans = 0 027 (Ts — 7, ) 
dD 
for water (3] 


Before using the curves applicable only to heat transfer with sur- 
face boiling, it is necessary to determine first whether or not the 
surface temperature (for the pressure, 
flux under consideration) exceeds the boiling temperature Ts of 
the coolant. 

It has been shown (2) that the exact point of transition from 
forced-convection heat transfer to surface-boiling heat transfer 
is influenced by the amount of dissolved gases or impurities in the 
liquid. When a degassed liquid is used as the coolant, the surface 
temperature may exceed the boiling point by as much as 20 deg F 
before bubbles begin to form. On the other hand, if a large 
amount of gas is dissolved in the coolant, bubble formation may 
occur at a surface temperature below the saturation temperature. 
are 


flow conditions, 


For this reason, the curves in Fig. 7 not extended to excess 
temperatures of less than 10 deg F. 


In previous tests with water, the heat flux that could be re- 


and heat 
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TABLE 3 HEAT TRANSFER AND FRICTIONAL PRESSURE- 
LOSS DATA FOR TESTS IN SURFACE BOILING REC GIME 
(n-BUTYL ALCOHOL) 
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*q/A = (bi lowatts)/(1.054 Ayr). 


moved by forced convection with surface boiling was limited by 
burnouts of the tube (1, 2). It is believed that these burnouts 
were caused by flow instabilities due to growth and collapse of 
vapor bubbles. No burnouts (such as had been encountered 
_ when water was used as the coolant) occurred in the tests with n- 


butyl alcohol. However, during sever: al tests at heat fluxes above 
2 Btu/sq in. sec, the stainless-steel tubular test section de veloped 
almost inv isible longitudinal cracks. These cracks are belie ved 
to have been caused by metal fatigue, possible because of vibra- 
tions induced by the-growth and collapse of bubbles within the 
test section. 

Heat Transfer by Forced Convection Without Surface Boiling 
(Aniline, n-Butyl Alcohol, Water). The results of the tests in 
which the wall temperature remained below the bubble or boiling 
temperature of the coolant liquid are shown in Fig. 8. The data 
are presented as a plot of the dimensionless index Nu (Reo. 
Pr'/*) versus the ratio of the viscosity at the bulk te ‘mperature to 
the vise osity at the wall temperature. This type of presentation 
was chosen because, at the high heat fluxes used in the experi- 
ments, a very steep temperature gradient ex ists adjacent to the 


SEDER AND TATE (Cf Ref. 6) 

| | | 

O WATER (Cf Ref |) 
X ANILINE (Cf Ref. 2) 
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| © BUTYL ALCOHOL 
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hig. 8 Corre.ation or Pure Forcep-CoNnvection Dat 


heat-transfer surface; this temperature gradient causes an up- 
.preciable, variation in the viscosity of the liquid and it is known 
(3, 4) that the variation in viseosity influences the heat-transfer 
process. The experimental results for aniline-and n-butyl alcohol 
are correlated within +10 per cent by : 


Sieder and Tate (3) havé examined the results of a large number 
of experiments on heat transfer to liquids at low heat fluxes and 
for best correlation of the experimental results derived the 
following equation 


Nu = 0,027 Re®8 Pr'/* (up/my)*™.. 


The results of experiments by Sherwood and Petrie on heat 
transfer from a-tube to n-butyl alcohol (15) at heat fluxes below 
-0.2 Btu/sq in. sec Were in.agreement with Equation [5]. 

An inspection of Fig. 8 shows that while the data for water (1) 
fall within the experimental accuracy on a line representing the 
Sieder and Tate equation, the results for n-butyl alcohol and aniline 
show Nusselt moduli which are from 15 to 25 per cent higher than 
would be predicted by Equation [5]. However, the precision to 
which the forced-convection data for the latter two liquids were 
correlated was subject to uncertainties bee: ause no precise data 
for the physical properties of the liquids were av: ailable for the 
full range of temperature and pressure covered in the e xperiments. 
In particular, there exists some unce rtainty regarding the thermal 
conductivity of the liquids. When more. reliable information 
on the thermal conductivity of aniline and n- butyl alcohol 
becomes available, the results of the heat-transfer tests can be 
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KREITH, SUMMERFIELD—1 
re-evaluated. The physical properties for aniline and n-buty] 
alcohol, used in the reduction of the ¢xperimental results, were 
taken from the references given in the following tabulation: 


M 
Aniline 
n-Butyl alcohol 7 ; 9 
The ‘thermal conductivities were assumed to be independent of 
temperature, and the values which were used in reducing the data 


are given as follows: _ 


Aniline, K = 0.1 (ref. 11) 
n-Butyl aleohol, K = 0.095 (ref. 12) 


It is interesting to note, Fig. 5, that the maximum heat flux 
which can be removed by pure forced convection with liquid n- 
butyl alcohol at a velocity of 24 fps is about 1.15 Btu/in.? sec. 
(More than twice this heat flux has been removed with surface 
boiling.) At this heat flux the reaches 
the critical temperature.- In general, the thermal conductivity 
of a fluid in the gaseous state is very much smaller (about one 
tenth) than the conductivity of the same fluid in the liquid state. 
Therefore the curves in Fig. 5 should not be extrapolated to 
temperatures and pressures higher than critical. 

The heaf-transfer results obtained from tests in the nonboiling 
foreed-convection regime were also compared with the momentum 
transfer (as measured by the frictional pressure loss) following the 
technique of the von Karman analogy theory (16). No satisfac- 
tory agreement was obtained (the experimental Nu moduli, 
when extrapolated to zero heat flux, were about 50 per cent higher 
than would be ‘predicted by the analogy). The reason for this 
discrepancy is not apparent at this time. 

Frictional Pressure With Heat Transfer. The effect of 
heat transfer upon the frictional pressure loss was studied quan- 
titatively with n-butyl] alcohol only. 


surface temperature 


Loss 


(During the period in which 
the aniline tests were performed, there was no differential manom- 
eter connected across the test section, and the frictional pressure 
aniline tests was measured with a differential Barton 
pressure gage. The results are qualitatively in 
those presented for n-butyl] alcohol im this paper. ) 


loss in the 


agreement with 


The frictional pressure drop as a function of heat flux is shown 
in Figs. 9, 10, and 11, 23, 31, and 41 fps 
at four different pressures. From an inspection of these curves 


for entrance velocities of 


it ean be Seen that the frictional pressure loss initially decreases 
(for a given flow rate of coolant liquid) with an increase in heat 
flux. This decrease continues until boiling be gins adjacent to 
the heat-transfer surface. After surface 
the pressure loss increases with any increase in heat flux. 


boiling has begun, then 
In the 
surface-boiling regime the frictional pressure loss (at constant 
heat flux, bulk temperature, 
This 
boiling is more vigorous at lower pressures 
did the 


value at the same liquid flow rate. 


and flow rate) increases also with a 


decrease in result since 
In none of the tests 


loss with heat transfer exceed the isothermal 


pressure appears reasonable, 


pressure 


In jnitial tests the isothermal friction factor was measured in the 
teynolds-number range from 25,000 to 70,000. Friction factors 
were correlated within +1 per cent by the following equation, 


and are in agreement with accepted values within 2 per cent (14) 


Cp = 0.265 Re (6 
conditions,* the results on the 
frictional pressure drop with heat transfer are correlated by plot- 
ting the ratio of the isothermal friction coefficient to the heat- 
transfer (both evaluated at the same bulk 
teynolds number) against the ratio of the viscosity at bulk tem- 
perature to the viscosity at the wall temperature, Fig. 12. 
results will be studied further. 


For nonboiling heat-transfer 


friction coefficient 


These 
Howéver, it can be stated at this 
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time that evaluation of the Reynolds number at a temperature 
equal to or slightly below the temperature of the heat-transfer 
surface will result in a friction coefficient under heat- trans-— 
fer conditions close to the experimentally observed value. 
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TRANSACTIONS 


CONCLUSIONS 


1 Experimental results have been obtained on heat transfer 
from a stainless-steel tube to a 96 per cent aniline, 4 per cent water, 
solution and to n-butyl alcohol in the heat-flux range from 0.3 
to 3 Btu/sq in. sec, over a pressure range from 40 to 400 psi for 
velocities ranging from 20 to 40 fps. The results of the tests are 
summarized in Figs. 5 and 6 which show (for average fluid bulk 
temperatures) the temperature potential necessary’ for the re- 
moval of given heat fluxes in the forced-convection and boiling 
or bubble regime. 

2 The temperature of the heat-transfer surface is insensitive 
to changes in velocity, heat flux, and bulk temperature when it 
exceeds either the bubble temperature (aniline) or the boiling 
temperature (n-butyl. alcohol) of the coolant liquid. The con- 
trolling factor of the surface temperature in the bubble or boiling 
regime is the system pressure. These phenomena are similar to 
results obtained previously in heat transfer to water with surface 
boiling. 

3 In the pure force |-convection regime, the results for aniline 
and n-butyl alcohol were correlated by the following equation 


Nu = 0.034 Re ( = ) 


4 No instabilities of flow or breakdown of the heat transfer 

with subsequent failure of the heating tube were. encountered in 
any of the tests with aniline at bulk temperatures up to 170 F. 
5 The beneficial characteristics of surface-boiling in heat 
transfer (i.e., higher heat-transfer efficiency) can be obtained with 
a coolant ef low vapor pressure at temperatures below its boiling 
point by dissolving a more volatile component of low solubility 
in the main constituent. This technique may have application 
in heat-transfer devices other than rockets, especially in the chem- 
ical industry and power plants of the future. , 

6 The frictional pressure loss decreases (for a given flow rate 
of coolant liquid) with an increase in heat flux. After surface- 
boiling has begun, then the pressure loss increases with any in- 
crease in heat flux. Even in the bubble or boiling regime the 
heat-transfer pressure loss was less than the isothermal pressure 
Joss for the same flow rate. 


.7 Friction coefficient for heat-transfer conditions can be ap-. 


proximated by evaluating the Reynolds number at a temperature 
slightly below the heat-transfer surface temperature. It would 
be desirable to predict heat-transfer friction coefficient from theo- 
retical considerations; work along this line should be encouraged. 
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Discussion 


P. BerGein.®, Local boiling can be extremely useful in 
certain cases of heat transfer and certainly deserves more at- 
‘tention than it has received in the past. In this paper, as well as 
in previous papers on the subject, the authors have made valuable 
contributions in this field. In looking over their results, the high 
rates of heat transfer, which are shown to be available through 
local boiling, appear so attractive that perhaps it would be ad- 
visable to emphasize the dangers and disadvantages that might 
oceur when applying loca! boiling to the process industries. One 
major disadvantage is the severe conditions to which the heating 
surface is subjected. The vibrations caused by collapsing bubbles 
may cause mechanical failure of thin-walled tubes, and the rates 
of corrosion under local boiling conditions are as yet unknown. 
Until more information is available it might be wise to restrict 
local boiling to heavy-walled ducts, such as passages through 
engine blocks, or to equipment where a short life is permissible. 
In those cases where the upper temperature level is above the 
melting point of the duct wall, there is also the danger of burnout 
if the liquid velocity becomes so low that an insulating vapor 
blanket can form over the heat-transfer surface. Surface rough- 
ness may enhance vapor blanketing and must be investigated be- 
fore local boiling conditions can be predicted with assurance. 

The data reported for pressure drop show a relatively small 
increase in pressure drop due to local boiling. One might expect 
a much larger effect because of the increase in wall shear caused 
by surface “roughness,” due to bubbles and to the increase in 
liquid velocity as a result of the volume occupied by the bubbles. 
Moreover, all bubbles which become detached from the surface 


will be accelerated to some velocity before they disappear in the 


liquid stream. Can it be that enough bubbles collapse away from 
the surface to form a relatively thick layer of high-temperature 
fluid near the surface and thus lower the wall shear in spite of 
the. disturbances at the surface? Temperature and Velocity 
traverses as well as visual observation probably will be needed 
to clarify the mechanism of flow near the surface during ‘ocal 


boiling. 


CLOSURE 


‘The authors wish to acknowledge with appreciation the dis- 
cussion by Professor Bergelin. The comments on the limitations 
of surface-boiling heat transfer are well to keep in mind when 
attempting to utilize this technique for pract ical application. 

Regarding the question whethef or not bubbles collapse away 
from the surface, the authors agree with Professor Bergelin that 
additional work will be necessary before a definite answer can be 
given. Preliminary work along the lines suggested in the dis- 
cussion has been performed by means of photographic obser- 
vations, and some of the results have been presented in two recent 
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papers (17, 18). These photographic studies are being continued 
at present. To date no data on temperature and velocity trav- 

erses have been obtained, according to the authors’ knowledge. 
_ In addition to these experiments, a determination of the increase 
in turbulence caused by surface boiling would help to clarify 
the mechanism of flow in surface boiling and aid in « quantita- 
tive analysis. 
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Vi iscous Flow 


By O. P. BERGELIN,' G. A. 


In the course of a research program on tubular heat ex- 
*-changers, pressure-drop and heat-transfer data are re- 
ported for heating and cooling a medium-viscosity oil 
flowing across banks of vertical tubes in seven test ex- 
changers. The apparatus variables include equilateral tri- 
angle, in-line square, and staggered square arrangements; 


«in. OD; 


The results are shown bothin simple plots of 


tube sizes of */, in. and * and pitch ratios of 1.25 
and 1.50. 
pressure drop and coefficient of heat transfer versus the 
rate of flow, and in generalized correlations. Tentative 
correlations are provided for friction and heat transfer 
which bring the data for these seven tube banks somewhat 
closer together than previous correlations. In a com- 
parison of the heat-transfer coefficient versus pumping- 


power loss per unit surface area, the smaller diameter 


tubes at the smaller pitch ratio give the best per- 
formance. 
NOMENCLATURE 

The following nomenclature is used in the paper: | 

= shell-side friction area, sqft 

Ay = outside surface area of tubes, sq ft — 

c = heatcapacity, Btu/(Ib)(degF) 
D, = minimum clearance between tubes, ft (éxcept where 


otherwise indicated ) 
D, = inside diameter of tube, in. 
D, = outside of tube, 
indicated) 


diameter ft (except where otherwise 

D, = volumetric hydraulic diameter 

exposed area of tubes 

= tube core diameter, in.’ 


[= 
| 


heat-transfer area, (ft) 


= 


pumping-power loss per unit 


(Ib foree)/(hr) (sq ft) 


fo, = friction factor, defined by fo, = 1G2L’ dimension- 
less 
2Apg.p 


Ji, = frietion factor, defined by fo, = dimensionless 


4G,,2N 
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Across Banks of Tubes— 


A Study of Tube Spacing and Tube Si: ze 
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Transter Fluid Friction During 
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~ 
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fq = friction factor, defined by 


M, dD, S, 


G,, = mass velocity through minimum cross section, lb/(hr) 

(sq ft) 

Je = conversion factor, 
(hr)? 

h = surface coefficient of 


1.18 (mass Ib) (ft) /(force Ib) 


heat transfer based on outside 
surface area of tubes, Btu /(hr) (sq ft) (deg F) 


= heat-transfer factor, j = ( = (’ , dimen- 
cG,, k 
sionless 
k = thermal conductivity, Btu /(hr) (ft) (deg F) 


L = length of tube bank, L = nS,, ft 


m = exponent of —, dimensionless 


My 
= number of major restrictions encountered in flow through 
the bank (equivalent to n, where S,, occurs in — 
verse openings; equivalent to n — 1 where S,, occurs 
A in diagonal openings), dimensionless 


, dimensionless 


D 
Nie = Reynolds number 


n = number of tube rows in direction of flow, dimensionless: 

P = pitch, defined as minimum center-to-center distance be-_ 
tween adjacent tubes (in case of staggered square. 
arrangements pitch is measured along a line 45 deg 
from direction of flow), ft 

p = pressure, psf 

S, = longitudinal pitch, distance between center lines of 
adjacent transverse rows, ft 


S,’ = longitudinal pitch, center-to-center distance from a 
tube in transverse row to nearest tube outside of that 
row, ft 

S,, = shell-side minimum flow area, sq ft 

S; = transverse pitch, center-to-center distance between tubes: 
in a transverse row, ft 

S, = total annulus flow area, sq ft 
W = mass rate of flow, lb per hr 


u = absolute viscosity at average bulk temperature, Ib /(hr) 
(ft) 

au, = absolute viscosity at film temperature, lb/(hr) (ft) 

u, = absolute viscosity at tube-surface temperature, |b (hr) 
(ft) 

p = density at average bulk temperature, lb per cu ft 

p, = density at film temperature, lb per cu ft 

7) = frictional resistance per unit tube-surface area, psf 


INTRODUCTION 


It has long been known that the size and spacing of tubes in a 
tube bank will affect the rate of heat transfer and the friction 
between the fluids and the tubes. Data have been published 
by a number of investigators for turbulent flow of gases past 
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tubes of various sizes in tube banks over a wide range of tube 
spacings, the most extensive work in this field being that of Hugé 
and Pierson with the later correlation of their data by Grimison 
(I). However, there are few data available for fluids in viscous 
flow through tube banks, and the correlations which have been 
proposed for this case have been based upon the data of Sieder 
and Scott (2), covering only one tube size, one tube arrangement, 
and two tube spacings. It therefore appeared desirable to ob- 
tain additional data upon the effect of tube size and spacing in 
the region of viscous flow. 

In a previous paper (3), results were presented for flow under 
isothermal and cooling conditions for three tube arrangements 
having */san. tubes spaced on a 1.25 pitch ratio. (Pitch ratio 
is here defined as the ratio of the pitch P to the tube diameter 
D,.) The present paper includes data on flow through the origi- 
nal three tube banks, isothermally and with heating and cool- 
ing, as Well as similar data for four additional tube banks. The 
‘new tube banks consist of an equilateral-triangle arrangement 
with #/s-in, tubes on a 1.50 pitch ratio, ‘an in-line square arrange- 
ment with */sin. tubes on a 1.50 pitch ratio, an in-line square 
arrangement with $/,-in. tubes on a 1.25 pitch ratio, and a stag- 
gered square arrangement with */,-in. tubes on a 1.25 pitch ratio. 
These combinations of tube-bank dimensions were selected to 
cover the range of greatest interest for the case of viscous flow. 
All seven tube banks are shown in tube-sheet layouts in Fig. 1. 

The work discussed in this paper is part of a comprehensive 
program on flow across tube banks that will deal with variation in- 
fluid properties as well as variation in the dimensions of the tube 
bank, 
flow are fairly well covered by the seven models discussed in this 


While the characteristics of tube bundles for simple cross- 


paper, only relatively minor variations in physical properties of 
* the fluid have been treated thus far. The program will be con- 
tinued using a heavier oil and possibly later a gas so that a wide 
range of Reynolds numbers and wide variation between tube- 
wall and bulk temperatures can be investigated. Along with 
this study of simple crossflow exchangers, a systematic study 
of flow and leakage around baffles will be carried out. In this 


way it is hoped conclusions from the data on the simple units can * 


be extended to the analysis of commercial heat exchangers. 


EQUIPMENT AND PROCEDURE 


The equipment and procedures have been described in pre- 
vious papers (3, 4), and detailed descriptions are available in a 
current research bulletin (5). Therefore only a brief description 
of the new exchangers’and current operating procedures will be 
The dimensions of the seven exchangers are sum- 
marized in Table 1 and the tube layouts are presented in Fig. 1. 


given here. 


* Numbers in parentheses refer to Bibliography at end of paper. 


TABLE 1 HEAT-EXCHANGER 
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Although it was desired that the exchangers be identical except 


. for variation of the dimensions under study, it was found that 


DIMENSIONS AND CONSTANTS 


some other characteristics necessarily would Have to vary, in this 
case the number of rows of tubes, the shell-side minimum flow 
area, and the exposed surface, as shown in Table 1. 

_A highly refined turbine oil, Gulfcrest “E,” having a viscosity of 
525 SUV at 100 F has been used for all tests. A table of physical 
properties of this oil is given in a previous paper (4). ° The ex- 
changers .are located with the tubes vertical, and during both 
heating and cooling runs, water is passed at constant high velocity 
upward through the tubes, with the resulting water-film coeffi- 
cients of heat transfer in the range of 1000 to 2000.Btu /(hr) 


(sq ft) (deg F). Cores ure used inside the tubes to reduce the 


| 
| 2090900 
| 


‘ene J, 
T 


a 125 
TEST MODEL NO2 
0000-0 
OO0000 
000000 
}QO00000 
O0000 


TEST MODEL NO! TEST MODEL NOS 


O-O-O- | 


O-O-O-O 
O-O-O-O 
KERB] 
O-O-O-O 
O-O-O-O-O | 
O-O-O-OT | 
| 
OOO | 


a Meu PQ 
TEST MODEL NOS 


Oven OD 25 
TEST wor 


Fig. 1) Tuse Layouts 
(See Table 1 for dimensions.) 


Model number 2 3 4 be 6 

Stag- Stag- 

Trian- In-line gered Trian- In-line In-line gered . 

Tube arrangement gular square square gular square square square 
Outside tube diameter, De, in. ives 0.375 0.375 0.375 0.375 0.375 0.750 0.750 
Minimum tube clearance, De, in.. 0.094 0.094 0.094 0.188 (0.188 0.188 0.188 
Exposed tube length, in. fas 6.0 6.0 6.0 60 6.0 6.0 6.0 
Number of copper tubes : 70 70 70 70 70 70 70 
Equivalent exposed tubes ; 65 60 63 65 60 60 63 
Volumetric hydraulic diam, De, ft.... 0.0225 0.0309 0.0309 0.0463 0.0582 0.0619 0.0619 
Min flow area, Sm, sq ft............ 0.0254 0.0234 0.0352 0.0508 0.0469 0.0469 0.0703 
Number of tube rows, n........... 10 10 14 10 10 10 14 
Number of contractions, NV... .... 10 10 13 10 10 10 13 . 
Heat-transfer area, Af, sq ft... .. Po 3.19 2.94 3.09 3.19 2.94 5.89 6.18 
Friction area, AF. sqft. ........... 3.44 3.10 3.36 3.57 3.24 6.38 6.91 
1.25 1.25 1.25 1.50 1.50 1.25 1.25 
1.08 1.25 0.883 1.30 1.50 1.25 0. 883 
Si'/Dt 1.25 1.25 1.25 1.50 1.50 1.25 1.25 
Length of tube bank, 1, ft.......... 0.338 0.391 0). 387 0.406 0.469 0.781 0.773 ~ 
Inside tube diameter, Di, in... ..... 0.277 0.277 0.277 0.277 0.277 6.620 0.620 
Tube core diameter, d, in... 0.188 0.188 0.188 0.188 0.188 0.562 0.562 
Annulus ratio, Di/d..... 148 148 148 148 1.48 110 LK - = 
Total annulus area, Sw. sq ft... ... 0.0158 0.0158 0.0158 0.0158 0.0158 0.0268 6.0263 - 8 
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amount of water and thus increase 
ARRANGEMENT BOWS 
the temperature change of the water 

stream, Standardized test runs, made 


with each unit upon installation and Trang (4) 


TUBE ARRANGEMENT 


repeated as the final run, have shown 
that no appreciable fouling occurred 
during the period of testing. Heat 
balances of less than +5 per cent 
deviation were obtained for all runs 
reported except those at very low 
oil velocities when the temperature 
change of the water stream became 
too low to give reliable heat balances. 
The heat load was calculated from | 
the oil stream in these cases, and it | | | 

is believed that the accuracy of these ‘ +— 
data is nearly comparable to those ‘ | — 
taken at higher oil velocities. cine 


ime Severe 


REsvULTs hic. 3) Frictionan Resistance PER UNIT 

Fic. 2. Pressure Drop per Row During Area oF Surrace Durine IsoTHer- 

The experimental results are pre- IsoTHERMAL or Or at 175 F ror mar of av 175 F ror Seven Tuse 
sented graphically both as simple Seven Tupe Banks Banks 


(Flow normal to vertical tubes. Gulferest (Flow normal to vertical tubes. Gulfcrest 
plots of pressure drop and coefficient oil, viscosity 17 centipoises at 175 F.) oil, viscosity 17 centipoises at 175 F.) 
of heat. transfer versus rate of flow 


.and in generalized correlations. The 
experimental data and calculated re- 
sults are too voluminous for inclu- 
sion in this paper but are presented 
in A current Engineering Experiment 
Station Bulletin (5). 


TUBE ARRANGEMENT 


DISCUSSION OF RESULTS 


Effect of Tube Spacing—Friction. 
The pressure drop per row of tubes 
for isothermal flow at 175 F is strown 
in Fig. 2 as a function of the linear 


oil velocity through the minimum 
cross-sectional area for flow. It can 
be seen that the data fall roughly 
into two groups, with the upper 
group, as indicated by the two top 
lines, representing the smaller tube 
size and the smaller clearance be- 
tween tubes.. The lower band of 
data represents the two arrangements 
of smaller tubes on the 1.50 pitch 
ratio, and the two arrangements of 
larger tubes on the 1.25 pitch ratio. 
In the latter four cases the minimum 
clearance between tubes is just double 
that of the upper band of data, the 
minimum clearance being 0.188 in. 
as compared to 0.094 in. At the 
lower oil velocities the upper group \ 

of curves has a slope of unity, indi- oe: , ; 

cating viseous flow. The slopes of Fig. 4 Frierron-Factor Corre. ATION BY oF CHILTON AND GENEREAUX FOR Viscors 
the lower group approach unity at (Isothermal flow normal to vertical tubes. Panes bulk oil temperatures 125, 150,175 F. Gulferest “E"’ 
low velocities but do not maintain oil, viscosity 49 centipoises at 125 F, 28 centipoises at 150 F, and 17 centipoises at 175 F. It should be 


ee : noted that the line of Chilton and Genereaux is based upon data from two equilateral-triangle arrange- 
this slope over any appreciable range. ments with 1.25 and 1.59 pitch ratios using 3/4-in. tubes.) 
The friction data are also shown 


in Fig. 3 as frictional resistance per unit tube-surface area which Another comparison of the pressure-drop data for the two 
is a term more directly comparable with coefficients of heat trans- spacings is given in Fig. 4 where a friction factor is calculated 
fer, since the latter refer to tube-surface area. The spread of and plotted versus Reynolds number in the manner proposed by 
data is about the same as for Fig. 2, although the order of the Chilton and Genereaux (6). By this representation the two ar- 
(lifferent models is somewhat changed. - rangements with the 1.50 pitch ratio lie 10 to 40 per cent above 
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TUBE ARRANGEMENT ROWS Oe 
© Steqggered Severe (3 


GUNTER and SHAW 


10 
Fic. 5 
oil, viscosity 49 centipoises at 125 
Aa 
their counterparts with 1.25 pitch ratio, so this representation 
does not allow suitably for changes in pitch. At Reynolds num- 
bers greater than about 200, turbulence probably appears in 
varying degree in the different tube banks, and a clear separation 
Tube 
spacing does not appear to affect this separation of the data from 
these two general types of tube arrangements.- 


of the in-line from the staggered arrangements is shown. 


When the data are presented in the manner proposed by Gunter 
and Shaw (7), as shown in Fig. 5, there appears to be a somewhat 
“better correlation of the effect of tube spacing, but this method 
does not bring the staggered square arrangement into agreement 
with the others. However, separate lines might be utilized for 
correlating the different types of arrangements. 

Heat Transjer. The effect of tube spacing upon the coefficient 
of heat transfer, shown in Fig. 6, indicates that increasing the 
tube spacing results in somewhat lower heat-transfer coefficients, 
although the effect becomes less pronounced in the region of par- 
tial turbulence. This trend is also shown in the upper section of 
Fig. 7 where a j-factor with viscosity correction is plotted versus 
a” Reynolds number based upon the tube diameter. In this 
figure the data represent both heating and cooling of the oil at 
average bulk temperature levels of 125, 150, and 175 F. The 
spread of the data shows that the effects of temperature variation 
between the tube wall and the body of the oil stream are not 
allowed for completely by this method of representation. It is 


CorRRELATION BY MetHop oF GUNTER AND SHAW 
(Isothermal flow normal to vertical tubes, Average bulk oil temperatures 125, 150, 175 F. 


, 28 centipoises at 150 F, 


Gulferest 
and 17 centipoises at 175 F.) 


TUBE ARRANGEMENT ROWS 
10 
10 
10 


10 


6 

Fic. 6 Coerricents or Heat 
Tuse Banks 

(Flow normal to vertical tubes, Average bulk oil temperature 175 F. 

Tube-surface temperature range 101-113 F. Gulferest ‘“E"’ oil, viscosity 

98 centipoises at 100 F, 64 centipoises at 115 F, and 17 centipoises at 175 F.) 


TRANSFER FOR+SEVEN 


interesting to note that the spread is greater for the in-line ar- 
rangements with the greater minimum tube clearance than for 
the other tube banks. This possibly may be due to free convec- 
tion, but if so, a similar spread should be observed for the other 
arrangements with wide clearanée between tubes. 
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Heat Transfer Versus Pumping Power. In order to show the 
effect of spacing upon both friction and heat transfer, the heat- 
transfer coefficient is shown in Fig. 8 versus the power loss per 
unit surface area. The triangular arrangement with the 1.25 
pitch ratio has approximately 25 per cent greater heat-transfer 


coefficients than the same arrangement on a 1.50 pitch ratio at 
given power losses. The increase is not so pronounced with WN 


the in-line square arrangements where the exchangers with the 
smaller pitch ratio give about 5 per cent greater heat transfer 
than those with the larger pitch ratio. In both cases the effect 
of spacing tends to decrease as turbulence appears. 

The Effect of Tube Size—Friction. From Figs. 2 and 3 it can 
be seen that doubling the tube size reduces the pressure drop per 
row of tubes and the surface friction, respectively, by approxi- 


mately 50 per cent when the pitch ratio is maintained constant. 


Doubling the tube size while maintaining the same minimum 


clearance between tubes increases the pressure drop by about 30 
per cent, probably due to the longer flow path per row. When 
the pressure drop is expressed in terms of friction factors, as de- 
fined by Chilton and Genereaux, Fig. 4 shows that the large- 
tube data agree very well with the small-tube data for both the 


in-line and staggered square tube banks although the two ar- 
rangements do not coincide. The same is true for the Gunter 


and Shaw method as plotted in Fig. 5, so it may be said that both 
methods adequately allow for variation in tube size, although they 
do not allow for changes in spacing. 


Heat Transfer. Fig. 6 shows that an increase in tube size causes 
an appreciable decrease in the coefficient of heat transfer. When 
the data are plotted in Fig. 7 as j-factor versus Reynolds num- 
ber, the large- and small-tube data fall together, so that, for each 
arrangement, a single line is justifiable for representing both tube 
sizes. A spreading of the data for the in-line square arrangement 
again is noticeable and appears to be a characteristic of the wider 
clearance between tubes. A definite change of slope is also, : 
noficeable in the data for the in-line arrangement in the transi- 00 1000 
tion zone over the range of Reynolds numbers of 60 to 150. Fic. 7 Heat-Transrer Factor j ror Seven Tuse Banxs 
Motion pictures (8) of flow through sections of tube banks show (Flow normal to vertical tubes at average bulk oil temperatures of 125, 150, 


he and 175 F. Both heating and — Gulferest oil, 49 
that flow through an in-line square bank is somewhat similar to enti poises at 125 F, 28 centipoises at 150 F, and 17 centipoises at 175 F.) 


an wT 
Trengie (1) 

Staggered (7) 
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Severe (6) 
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.8 Comparison or Heat-TRANSFER AND Power REQUIREMENTS FOR SEVEN TuBE BANKS 
y normal to vertical tubes. Average bulk oil temperature 175 F. Tube-surface temperature range 101- 
Gulfcrest “‘E"’ oil, viscosity 98 centipoises s My F, 64 centipoises at 115 F, and 17 centipoises at 
175 F.) 
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flaw through a straight channel and therefore the increase in 
the rateé of heat tra: sfer which has been observed inside pipes 
in the transition zone may occur also to a lesser degree with 
in-line.tube banks. 

Heat Transfer Versus Pumping Power, Fig. 8, the plot of 
heat-transfer coefficients versus pumping power, clearly shows 
that when the pitch ratio is kept constant the small tubes provide 
from 20 to 50 per cent greater heat transfer at a given power loss 
per unit surface area than the large tubes. 

Pressure Drep During Nonisothermal Flow. Although the 
foregoing discussions of pressure drop have dealt only with iso- 
thermal flow, the conclusions may be applied to flow through 
tube banks during heating or cooling if a suitable relation can be 
found to correlate the heating and cooling results with the iso- 
thermal data. A complete study of this problem has not yet 
been made, but it is possible that an analysis along the lines fol- 
lowed by Boelter and associates (9) for viscous flow inside pipes 
may prove successful. For the preseat, however, the use of an 


m 
empirical factor ( ) , Similar to one proposed in a previous 
My 


paper, is suggested. -The extent of deviation during noniso- 
thermal fh be seen in Fig. 9 it 


vhich heating and cooling’ 
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hia. 9 Vartation or Friction Factor Heat AND COooL- 


ING 
(Flow normal to 3/8-in-OD vertical tubes, model 3, staggered-square tube 
arrangement on 15/32-in. centefts. Gulferest oil, viscosity -49 centi- 
poises at 125 F, 28 centipoises at 150 F, and 17 centipoises at 175.F.) 


pressure-drop data are plotted for model 3..| While in the previous 
paper the data were limited to cooling conditions for three tube 
banks, the present study includes heating data forall exchangers ex- 
cept model 1, as well as cooling data for all seven exchangers. 
The divergence of the pressure-drop lines seen in Fig. 9 for vari- 


ous ratios in model 3 is believed to be due principally to the 
My 

viscosity gradient between the oil at the tube wall and in the cen- 

ter of the stream, rather than nonuniformity of flow throughout 

the tube bank during cooling at low velocity as previously. Sus- 

pected. The apparent systematic trend of the data from the 


cooling into the heating zone indicates that the deviation is essen- _ 


tially a viscosity-gradient effect. 
In developing a correction factor for such deviations, the ex- 


ponents required for 

data in agreement with the isothermal data are plotted in Fig. 
10 versus the Reynolds number. The scattering of the data is 
considerable but is not troublesome, since the exponent applies 
only a second-order correction. A straight line with the equa- 
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in order to bring the nonisothermal’ 


AUGUST, 1950 


tion m =,0.57 Np, °-** shown in the figure is suggested for repre- 


senting the : exponent over a range of Reynolds numbers from 
1 to 300. The results of using this line to correct the data in 
Fig. 9 are shown in Fig. 11, and the resulting excellent agreement 
bears out the satisfactory nature of- the correction term. This 
correction is equally satisfactory for the data from the other six 
tube banks. 

Further Correlations. The isothermal pressure-drop data 
plotted in Figs. 4 and 5 show that neither the well-established 
“Chilton and Genereaux method nor the more recent proposal of 
Gunter and Shaw allows completely for variation of tube-bank 
characteristics. On the whele, the Gunter and Shaw method 


00 


Fig. 10 Exponent m ror OF FRICTION 
Factor 

(Flow normal to vertical tubes at average bulk oil temperatures of 125, 

150, and 175 F. Both heating and cooling for seven tube banks. Gulf- 

crest “‘E”’ oil, viscosity 49 céntipoises at 125 F, 28 centipoises at 150 F, and 

17 centipoises at 175 F.) 
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hic. 11) Factors ror HEATING AND CooLinG CoRRECTED 
Viscositry 


(Flow normal to 3 8-in-OD vertical tubes, model 3, staggered-square tube 
arrangement on 15/32-in. centers. Gulferest oil, viscosity 49 centi- 
poises at 125 F, 28 centipoises at 150 F, and 17 centipoises at 175 F.) 


appears better in the viscous region but, in the transition region, 
the in-line data deviate markedly, while the staggered square ar- 
rangements deviate from the other arrangements over the entite 
range. This method can be utilized, however, if a separate line 
is used for the staggered square arrangement. It is interesting 
to note that for the seven tube banks under consideration « 
much better correlation is obtained by interchanging S; and 
S,', which places the staggered square arrangements within 


"5 per cent of the proposed line of Gunter and Shaw. No other, 


data are available to check the generality of this procedure, but a 
similar observation was made by Jameson (10) for turbulent flow 
past finned tubes, 

In view of the plans to obtain more-‘experimental data, no 
exhaustive attempt has been made to obtain the best possible 
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Fie. 13) Tentative Heat-Transrer REPRESENTATION 


‘Flow normal to vertical tubes at average bulk oil temperatures of 125, 150,. 
and 175 F. * Both heating and cooling. Gulferest ‘‘E’’ oil, viscosity 49 centi- 
poises at 125 F, 28 centipoises at 150 F, and 17 centipoises at 175 F.) 


correlation with the data now available. On the other hand, 
it has been found that a relatively simple form of correlation 
brings the friction data considerably closer together than pre- 
vious methods in the literature. ‘This method involves plotting 
as ordinate ‘ 

2AP9.2/4G,,2N 


which was used by Chilton and Genereaux for turbulent flow 
versus D,G,,/u as shown in Fig. 12. Apparently different tube 


TENTATIVE FRicTION-FacTOR REPRESENTATION 
(Isothermal flow normal to vertical tubes. Average bulk oil temperatures 125, 
oil, viscosity 49 centipoises at 125 F, 28 centipoises at 150 F, and 17 centipoises at 175 F.) 


150, 175 F. “E” 


Gulfcrest 


sizes and arrangements are brought together, but pitch ratio re- ’ 
mains a parameter. 

Similarly, for heat transfer, a final correlation will await fur- 
ther data, but it has been found that if the j-factor is plotted ver- 
sus the Reynolds number using the volumetric hydraulic diame- 


ter D,, instead of the tube diameter D,, the data are brought 
0.14 


closer together as shown in Fig. 13. The correction of 


My 
for viscosity gradient, which was originally used by Sieder and 
Tate (11) for flow inside tubes, is used here as an approximation 
until additional data permit a further refinement. 

It should be kept in mind that the conclusions presented in 
this paper are based upon data from simple crossflow exchangers 
ind probably cannot be expected to apply without considerable 
modification to baffled exchangers where leakage around baffles, 
parallel flow, and nonuniformity of flow are important and must 


be given consideration. 
CONCLUSIONS 
Data from the present study show the following: 


1 When the pitch is increased for a given arrangement and 
tube size: 
(a) At constant velocity, the pressure drop is lower (Fig. 2). 

(b) At constant velocity, the coefficient of heat transfer is 
lower (Fig. 6). 
(c) At constant pumping-power loss, the coefficient of heat 
transfer is slightly lower (Fig. 8). 

2 When the tube diameter is increased for a given arrange- 
ment and a constant pitch ratio: 
(a) At constant velocity, the pressure drop is lower (Fig. 2). 
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(b) At constant velocity, the coefficient of heat transfer is 
lower (Fig. 6). 


(c) At a constant pumping-power loss, the coefficient of 


heat transfer is considerably lower (Fig. 8). 

3 The highest coefficients of heat transfer were obtained 
with the smaller tube sizes and the smaller tube pitches in the 
staggered arrangements. 

4 A modification of the method of Chilton and Genereaux, 
utilizing the volumetric equivalent diameter, gives the best cor- 
relation of the pressure drop for viscous flow across the seven 
tube banks tested, although separate lines are found for the two 


pitch ratios. A variable exponent on the ratio of * is suita- 
My 
ble to correlate the nonisothermal pressure-drop data. 
5 Theuse of the volumetric equivalent diameter in the Reyn- 
olds number gives a somewhat better correlation of the heat- 
transfer data than does the use of tube diameter. 
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Kxperimental Evaluation of Human Shape 


~ Factors With Respect to Floor Areas 


By F. W. HUTCHINSON,' BERKELEY, CALIF. 


Results are presented for the shape factor of an average 
standing person with respect to energy in the form of heat 
received from a floor area. The use of shape factors is es- 
sential in determining conditions of comfort in a heated 


or cooled enclosure. 


INTRODUCTION 


HE establishment of conditions of comfort in a heated or 

cooled enclosure requires realization of a stable heat bal- 

ance between the occupant and his surroundings. By a 
stable balance is meant one which provides a practically fixed 
net rate of heat loss from the occupant, irrespective of his posi- 
tion (as standing, sitting, or reclining), and irrespective of his 
location within the room. If room air temperature were uni- 
form and if all inside surfaces of the enclosure were at the same 
temperature, there would be no difficulty in maintaining a stable 
balance, but in an enclosure where some surfaces (as windows) 
may be warmer in summer and colder in winter whereas others 
(as radiant panels) may be colder in summer and warmer in 
winter, the difficulty of stabilizing the occupant’s rate of heat 
loss may be very great. 

As an extreme case, visualize a room with large single-glass 
windows heated on a cloudy midwinter day by means of a small 
fireplace; obviously, the occupant will be too warm if he stands 
very near the fireplace, and too cold if he stands very near the- 
windows. At one or more points in such a room conditions of 
comfort would necessarily exist, but the heating system would 
be considered unsatisfactory, and the occupant would experience 
marked instability with respect to his rate of heat loss. 

Engineering evaluation of stability requires establishing a heat 
bakance on the occupant and investigating the manner in which 
individual terms of that balance vary with position or location of 
the occupant. Since, for any fixed-load condition that may be 
acting on the enclosure the air and surface temperatures nor- 
mally will remain fixed with respect to time, it follows that the 
major factor affecting stability will be changes in the geometry 
of the system (consisting of occupant and surroundings) which 
occur as the occupant alters his position or moves around in the 
enclosure. All such geometrical changes appear in the equa- 
tions for radiant transfer between the occupant. and the vari- 
ous surfaces of the room, each such surface possessing a shape 
factor with respect to the occupant which, in itself, expresses the 
fraction of energy received by that surface of the total radiant 
energy emitted by the occupant. Conversely the fraction of 
radiation emitted by a surface which strikes the occupant (prior 
to reflection) is said to be the shape factor of the occupant F,,,, 
with respect to the surface; in equation form 


' Professor of Mechanical Engineering, University of California. 


Contributed by the Heat Transfer Division and presented at the” 


Spring Meeting, Washington, D. C., April 12-14, 1950, of Toe AMeRi- 
CAN Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
November 1, 1949. Paper No. 50—S-4. 


. purposes, insurmountable. 


shape factor of occupant with respect to energy received 
from surface A,, or fraction of energy emitted by A, 
which is received by occupant 

Tos = distance between Center of surfaces Ao and A, 

angle between r,, and normal to center of A 

¢, = angle between r,, and normal to center of A, 


where 


3 
\ 


The mathematical problem of carrying out a double integra- 
tion over the complex surface of the human body is, for practical 
Thus eXperimental methods must 
be used for evaluation of Equation [1]. The intent of this paper 
is to present complete results from such an experimental investi- 
gation for the particular case of an ‘‘average’’ occupant with 
respect to points, infinitesimal areas, or finite areas on the floor. 
A similar study? has dealt with human shape factors with respect 
to infinitesimal! and finite areas in the wall or ceiling. The earlier 
study was for an occupant in either standing or sitting position 
whereas the present paper presents results only for the standing 


’ 


position. 
IeXPERIMENTAL PROCEDURE 


The test procedure used in this research was practically identi- 
cal with that which has been reported in detail in an earlier 
study.?, The subject was a clothed dummy representing an 


“average” man 5 ft 10 in. in height and weighing 165 lb. The , 


dummy was dressed in a two-piece suit, was in standing position, 
and had both arms at its sides. Shape factors were obtained 
by using a mechanical integrator of the type proposed by Hottel 
and developed by Boelter‘ and associates. 

Previous experience? had shown that the full-face shape factor 
of a standing subject is practically the same whether the subject 
is facing forward or backward, and that complete shape-factor 
curves for any facing direction could be readily and accurately 
determined by interpolation and extrapolation from experi- 
mental data for full face and for semiprofile. | Accordingly, the 
dummy was placed in a fixed position on the test floor and a line 
drawn in the facing direction, another line being drawn making a 
45-deg angle with the facing direction. Shape factors were then 
determined at intervals of 1 ft out along each of these lines to a 
distance of 18 ft from the dummy. In obtaining shape factors 
the mechanical integrator was placed at each of the designated 
points on the floor and a light beam from the integrator used to 
trace the outline of the dummy. Corresponding to each closed 
curve traced by the light beam, the integrator would draw a 


? “Optimum Surface Distribution in Panel Heating and Cooling 
Systems,”’ by V. F. Raber and F. W. Hutchinson, Trans. ASHVE, 
vol. 50, 1944, pp. 231-257. 

*“Radiant Heat Transmission,”” by H., C. 
Engineering, vol. 52, 1930, pp. 699-704. 

4**A Mechanical Integrator for the Determination of the Iilumina- 
tion From Diffuse Surface Sources,"’ by V. H. Cherry, D. D. Davis, 
and L. M. K. Boeltér, Trans. Illuminating Engineering Society, 
vol. 34, 1939, pp. 1085-1092. 
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closed pencil curve; the area of the pencil curve divided by a con- 
stant of the integrator was then taken as the shape factor of the 
dummy with respect to energy emitted from the point on the floor 
at which the integrator was then located. 

Shape factors were redetermined at each station at least three 
times and never less than the number of times necessary to assure 
ability to reproduce the same result. 7 


IeXPERIMENTAL RESULTS 


Table 1 presents a summary of all experimental data. The 
maximum shape factor of the occupant with respect to a point 
on the floor is seen to occur when that point is 2 ft out along the 
line in which the occupant is facing; at this point the value of 
0.0851 indicates that 8.5 per cent of the energy emitted from the 
infinitesimal area surrounding the point (providing this area 
emits diffuse radiation) will strike the occupant. The reduction 


FABLE 1 EXPERIMENTAL TEST DATA 


Distance — Front view . ~Semiprofile view - 
from the Integrator Integrator 
dummy, reading, Shape reading, Shape 
ft sq in factor® sq in. factor® 
l 5.10 0.065 1.65 0.0593 
2 Y 6.68 0.0851 5.45 0.0695 
4.30 0.058 2.75 0.0350 
4 2.42 0.0309 2.05 0.0261 
5 1.54 0.0196 1.35 0.0172 
6 1.20 0.0153 1.11 0.0140 
0. 82 0.01045 0.72 0.0092 
tad 0.50 0. 00637 0.50 0.00636 
9 0.46 0 00586 0 45 0.00572 
10 0.40 0.00510 : 0.35 0.00445 
ll 0.249 0.00370 0.22 0.00280 
12 0.27 0.00344 0.20 0.00235 
13 0.25 0.00319 0.12 0.00153 
14 0.25 0.00319 0.10 0.001265 
15 0.22 0.00281 0.08 0.00102 
16 0.15 0 OO191 0.07 0. 
17 0.08 0.00102 0.06 0.000765 
18 0.06 0. 000765 0.05 * 0.000637 


* The shape factor is equal to the experimentally determined integrator 
area divided by the area of the base circle of the integrator; for the particular 
mechanical integrator used in this research the constant value of the base 
circle area was 78.5 sq in. 
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moves closer to the point than 
2 ft can be attributed to the rapid decrease in the cosine of ¢,.° 
The decrease as the occupant moves farther from the point than 
2 ft is primarily due to the increasing value of r,,, but partially 
to the increase in @o: thése two factors far more thar offset the 
decrease in ¢,. 

The results show that floor areas more than 5 ft from the oecu- 
pant emit less than 2 per cent of their energy ir a direction such 
that’it will be received by a perfectly absorbing (black body) 
occupant. Areas more than 7 ft away provide less than 1 per 


. 
in shape factor as the occupant 


cent direct radiant transfer, whereas areas more distant than 10 


ft provide less than '/. per cent direct radiant transfer. For 
equal distances from the occupant, points along the semiprofile 
transmit 10 per cent to 15 per cent less energy to the occupant 
than do corresponding points (or rather infinitesimal areas) 
along the line corresponding to’a full-face view. ; 

Fig. 1 is a plot obtained by interpolation and extrapolation of 
the experimental results given ine Table 1. In this figure the 
occupant is considered to be standing at the center of co-ordinates 
and facing either toward the top or the bottom (front and rear 
views being taken as symmetrical) of the figure. Thus the 
scale along the Y-axis indicates distance in feet in front of, or 
behind the occupant, whereas the scale along the X-axis indicates 
distance in feet to the right or left (again, symmetry is assumed 
for the full-profile views) of the occupant. Therefore the curves 
in Fig. 1 are iso-shape factor lines, and the number shown on 
each such curve is numerically equal to the fraction of energy 
leaving any infinitesimal floor area along that curve which would 
be directly absorbed by the occupant if his-emissivity were unity. 

For an occupant so dressed that his emissivity is less than unity, 
the shape factor as given would have to be multiplied by the 
emissivity of the occupant in order to obtain the fraction of energy 
that would be absorbed of that leaving the floor surface. As an 
example, note that from an infinitesimal floor area located 6 ft 
to the right and 7 ft ahead of the occupant, the shape factor would 
be 0.0050, hence '/2 per cent of the energy leaving such an area 
would be received by the (black body) occupant. Although this 
shape factor has been stated for an infinitesimal area, it would be 


equally applicable to any finite area over which the average of * 


point shape factors had the same numerical value. ai ; 
_APPLICATION OF RESULTS 


In practice, interest is almost wholly centered on radiant trans- 
fer between the occupant and some moderate-sized area as a 
window, heated panel, or af unheated but uniform surface, such 
as an exterior wall, floor, ceiling, or inside partition. In such 
cases the shape factor of the occupant with respect-to energy re- 
ceived from the surface in question can be taken as the average 
(not the sum) of shape factors with respect to the small finite 
areas which make up the larger surface. The smaller the 
finite areas become the greater will be the accuracy of the aver- 
aged over-all shape factor, but the greater, too, ‘will be the 
effort required to obtain an average value. 

As an approximation which is adequate for usual engineering 
purposes, it is suggested that within a radius of 4 ft of the oecu- 
pant, the unit area be taken as 1 sq ft, Whereas, at greater dis- 
tances, a satisfactory unit area will be one which is square and 
2 ft on the side. For areas larger than 8 ft & 8 ft, with the occu- 
pant located at the center, adequate accuracy would thus be 
attained by dividing the inner 4-ft X 4-ft area of one quadrant 


into four unit areas of 1 sq ft each, and dividing any additional 


part of this one quadrant into 2-ft X 2-ft unit areas. Note that 
for a centrally located occupant, the shape factor for any one 
quadrant (provided the occupant is facing one of the sides) 
will be numerically equal to the shape factor of the occupant with 
respect to energy received from the entire area. For arrange- 
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ments of occupant and panel which are nonsymmetrical, all 
unit areas of the panel must be used rather than those of a single 
quadrant. 

Example. Consider a room 11 ft X 11 ft which is to be heated 
and cooled by means of a 3-ft X 3-ft floor panel which is to be 
centered at the center of the floor, the sides of the panel running 
parallel to the sides of the room. The shape factor of the occu- 
pant with respect to energy received from the panel is desired for 
a case in which the occupant is standing parallel with a wall at a 
position in the room 2 ft in from each of two walls. 

Solution. Draw on tracing paper a plan of the room, with 
panel, to the same scale as that of Fig. 1. On this tracing 
divide the 3-ft X 3-ft panel into 9 equal unit areas and indicate 


by point O the position of the occupant on the tracing. Now 


superimpose the tracing on Fig. 1 (refer to Fig. 2), so that point 
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O of the tracing is at the center of co-ordinates of Fig. 1, and the 
facing direction of the occupant corresponds on both tracing and 
on Fig. 1. It is now possible to read directly, or obtain by inter- 
polation, the shape factor at the center of each of the 9 unit areas. 
Referring to Fig. 2, and reading these shape factors from left to 
right and from top to bottom, we obtain the over-all shape factor 
of the occupant with respect to energy received from the entire 
panel as 


Fos = (0.016 + 0.013 + 0.010 + 0.024 4+ 0.016 + 0.012 

+ 0.029 + 0.020 + 0.013)/9 = 0.017 = 1.7 per cent 
Thus 1.7 per cent of the energy emitted by the diffuse panel would 
be absorbed by an occupant at the stated position, provided his 
clothing was such that he possessed unit emissivity. 


CONCLUSION 


Results have been presented for the shape factor of an average 
standing person with respect to energy received from a floor area. 
Similar results for standing and sitting persons with respect to 
energy from wall and ceiling areas are already available in the 
literature.2?- Representations of the earlier data in a form similar 
to that of Fig. 1 are also available in other publications.® 
use of shape factors of this type is needed for exact studies of sta- 
bility of comfort conditions in a room that is heated or cooled 
by radiant or partially radiant means, or for stability studies in a 
convection-heated room in which single-glass or other surfaces 
reach equilibrium temperatures lower than the room air tempera- 
ture. 


5 “Panel Heating and Cooling Analysis,’ by B. F. Raber and F. W. 
Hutchinson, John Wiley & Sons, Inc., New York, N. Y., 1947. 
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Furnace Heat -Absor ~ption in Paddy's 


Pulverized-Coal-Fired St 
Usi sing Turbulent Burners 


n° 


am Generator, 


, Louis SV ille, 


Part I in Heat as Shown by Measure-_ 
ment of Surface Temperature of Exposed Side 
of Furnace Tubes 


By R. I. 


This report is one of three current formal reports (1)* 
covering the activities of the ASME Special Research Com- 
mittee on Furnace Performance Factors in connection 
with the furnace -_performance tests which were conducted 
at the Paddy’s Run Station of the Louisville Gas and 
Electric Company in Louisville, Kentucky. 
heat absorption and its distribution in the furnace, as 
reported in this paper, were determined by the ‘‘AT 
method,’’ which consists of using the difference in tem- 
perature between the surface of the exposed face of the 
tube and the mixture within the tube to measure the heat 
absorption at representative locations. 
paper, Part II, covers the furnace performance as measured 
by a heat balance of the furnace. ° Part III presents a cor- 
relation of the results. 


I 


the 


The companion 


INTRODUCTION 


IS desirable at this point to review briefly the history of 
he extensive test program which has been undertaken by 
ASME Special Research Committee on Furnace Per- 
This program was actu: ally initiated in 1943 
for the purpose of gaining more factual and fundamental knowl- 
edge of the various factors which affect the performance of large 
central-station furnaces. 
necessary to establish methods of measuring the amount and dis- 
tribution of heat absorbed in such furnaces. 

The first furnace to be tested was a completely water-cooled, 
dry-bottom furnace, fired tangentially eight pulverized- 
coal burners which could be tilted up or down 30 deg from.the 
horizontal. made in 1945 at the Ohio Power 
Campany’s Tidd Station, using the No. 11 boiter, which is a 
3-urum, bent-tube boiler. Four papers (2) were 
_presented in June, 1947, covering the furnace performance ob- 
tained with this design under several operating variables, as 


formance ‘factors. 


In order to accomplish this, it was also 


by 
These tests were 


conventional, 


! Assistant to the Manager, Service Department, Foster Wheeler 
Corporation, New York, N.Y. Mem. ASME, 

2 Manager, Service Department, Foster Wheeler Corporation, 
New York, N. Y. Mem. ASME. 

3 Numbers in parentheses refer to Bibliography at end of paper. 

Contributed by the Special Research Committee on Furnace Per- 
formance Factors, and the Fuels, Power, and Heat Transfer Divi- 
and presented at the Annual Meeting, New York, N. Y., 
November 27—December 2, 1949, of Tue AMERICAN Society or ME- 
CHANICAL ENGINEERS. 
‘ Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—A-118. 
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well as the results of several different means of measuring the 
furnace heat absorption and its distnbution in the furnace. 

The subject tests were conducted at the Paddy’s Run Station 
of the Louisville Gas and Electric Company in 1948, in order to 
establish the furnace performance of another completely water- 
cooled fusnace which is fired horizontally by eight turbulent 
pulverized-coal burners. 

The object of this paper is to establish the distribution and 
amount of heat absorption in this furnace, as measured by the 
“AT method” for the various operating conditions investigated, 
and to study the effect of these operating variables on furnace 
performance. The operating variables studied were (a) burner 
adjustments, (b) furnace rating, (c) excess air for combustion, 
and (d) various combinations of burners in service at 50 per cent 
full load. 


Test 


The No. 3 unit at Padd¥!s Run Station is designed for a 
maximum continuous output of 640,000 lb of steam per hr at a 
pressure of 950 psig and a temperature of 900 F. It was first 
placed in operation on September 25, 1947, and normally has 
carriéd an output of 600,000 to 640,000 lb of steam per hr at 
This unit, shown in-Fig. 
drum bent-tube type, containing a 


design conditions. 1, is of the single- 
conventional water-cooled 
furnace, a bare-tube pendant-type convection superheater, both 
a bare-tube and exfended-surface boiler 


tended-surface economizer, a regenerative-type 


section, an ex- 
air preheater, 
and two ball-mill firing systems. 

The dry-bottom furnace is approximately 31 ft in width and 
24 ft in depth. The-height of the furnace from the roof to the 
center line of the hopper throat at the bottom of the furnace is 
about 90 ft. The furnace walls composed of 3-in-OD, 
0.220-in. minimum wall, carbon-steel tubes spaced on 3!/,in. 
‘centers. This spacing throughout the 
Near the top, the rear-wall tubes bend into the furnace and then 


are 


tube exists 
These rear-wall 
tubes are bent to form four rows of slag-screen tubes on 13-in. 
The front-wall tubes bend at the top of the furnace 
to form the furnace roof. Both the front and rear-wall tubes 
bend into the furnace to form the hopper throat at the bottom 
of the furnace. This throat is therefore parallel to. the front 
or firing wall. The furnace contains 8884 sq ft total — 
wall surface, which includes the outlet aperture. 

This steam-generating unit is fired by eight horizontal intervane 
burners which are located in the lower front wall and arranged 
in two horizontal rows of four burners each. 


extend up vertically to form the slag screen.” 


centers, 


These burners are 


furnace. 
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Fic. 2. GENERAL 


of the turbulent type and may fire either pulverized coal or 
natural gas. However, at the time of these tests, natural gas 
was not yet available at the plant and only pulverized-coal- 
firing was investigated. The burners are supplied with pul- 
‘ verized coal by two ball-mill systems each containing two ex- 
hausters. The two lower inside burners and the two upper out- 
side burners are part of one mill system, and the remaining 
burhers are part of the other mill system. Each burner conduit 
is equipped with a shutoff valve which permits individual burners 
to be removed from service. 

Fig. 2 shows the horizontal intervane burners which are used. 
Each burner contains two coal nozzles, a main nozzlé, and a 
smaller auxiliary nozzle. This arrangement is designed for the 
purpose of extending the load range per burner. The primary 
air and coal leavi ing the main nozzle has an angular velocity which 
is created by the tangential inlet to the burner body. A similar 
rotation is given to the coal leaving the auxiliary nozzle by means 
of vanes located near the outlet. The velocity of the primary 
mixture leaving these nozzles may be varied by use of the 
auxiliary air dampers which are located in the exhauster inlets. 

Secondary air for combustion is admitted to the burner throat 
through adjustable vanes which control the angular velocity of 
the secondary air. These vanes are adjustable from 0 to 100 
per cent open, which corresponds to an actual range up to about 
70 deg open. The rotation of the secondary air is in the same 
direction as that of the primary mixture. Tertiary air also can 
be admitted to the burner throat through the anaular space 
between the coal nozzles and controlled by an adjustable vane to 
create a rotation either with or against the rotation of the burner. 


The burner adjustments mentioned provide me ans of chi inging 


and burner-box pressure. 


SECTION B-8 
SECONDARY, AIR VANES 


4 


ARRANGEMENT OF HorizonTaL INTERVANE BURNERS 


the flame shape and furnace conditions. The effects of the 


various adjustments are as follows: 


1 When the secondary-air vane opening is increased at a 
constant air flow, the following takes place: 

(a) The ignition zone moves away from the burner tip. 

(b) The fiame is lengthened and the flame angle reduced. 

(c) The burner-box pressure is reduced 

(d) The angular velocity of the fuel-air mixture leaving the 
burner throat is decreased. 

(e) The mixing of the fuel and air is changed. 

When the secondary-air vane opening is decreased at a con- 
stant air flow, the following occurs: 

(a) The ignition zone moves closer to the burner tip. 


(b) The flame is shortened and the flame angle increased. 
(c) The burner-box pressure is increased. . 
(d) The angular velocity of the fue l-air mixture leaving the 


burner throat is increased. 

(e) The mixing of the fuel and air is changed. 

2 When the tertiary air is used with rotation of the burner 
the flame is lengthened, and conversely, when, used against rota- 
tion the flame is shortened. 

3 When the auxiliary air damper is opened, the burner veloci- 
ties are increased and the ignition zone moves away from the 
burner tip. 

From the foregoing it will be seen that changes in air flow can 
change flame shape, depending upon whether the air flow 
is varied at constant secondary-air vane opening, constant 
burner-box pressures, or by changes to both vane opening 
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TRANSACTIONS OF THE ASME_ 


In order to measure the rate of heat absorption at various 
representative locations and thereby establish the distribution of 
heat absorption in the furnace, we installed 128 thermocouples on 
the furnace-face center line of various waterwall tubes and at 
various elevations throughout the furnace. This installation 
was made during the erection of the unit and at the locations 
shown in Fig. 3, which is a development of the furnace walls as 
viewed from the “outside” of the furnace. It can be seen that the 
thermocouples were installed in several bands around the furnace 
and arranged to give coverage of as nearly equal areas as possible. 
It will also be realized that it was impossible to divide the pro- 
jected areas of the waterwalls into exactly equal areas due to 
existing interference caused by tiebacks, beams, and the like. 
Since it was not felt that it was possible to install thermocouples 
on the upper rear-wall sloped section and obtain an installation 
which would be reliable throughout an extended test period, 
these thermocouples were omitted. Therefore this section of the 
rear Wall is not represented satisfactorily or covered by the 


OCTOBER,31959 
furnace-face thermocouples. In this particular area the tubes 
are backed with 2"/; in. of tile, the back of which is exposed to 
high-temperature gases passing through the superheater. It will 
also be noted that there are no thermocouples installed on the 
slag-screen tubes, since these tubes receive convection transfer 
as well as radiant transfer from the flame and furnace gases. 
However, aside from these areas, the furnace-face thermoec yuples 
were installed to give fairly complete coverage and relatively 
equal area coverage per thermocouple. Four additional thermo- 
couples were installed on the back of individual rear waterwall 
tubes at approximate elevation 463 ft. These thermocouples 
were then used as a base indication of the temperature of the 
mixture within the tube. : 

Fig. 3 also shows the numbering of thermocouples, location 
of furnace observation doors, and details of the installatic m. The 
numbering shown here is the instrument numbering of the various 
thermocouples and is used throughout the subsequent data and 
curves. The thermocouples were installed substantially as 
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described by Humphreys (3), a method which was used satis- 
factorily on the previously described Tidd Station tests. The 
thermocouples were installed at the center line of the furnace 
face of the tubes and consisted of No, 22 gage, glass-fiber,- in- 
sulated, chromel-alumel wire. . 

The instrumént originally used to record the’ thermocouple 
data was the same 21-point Leeds & Northrup Micromax high- 
speed potentiometer-recorder which had been used during .the 
Tidd tests. 
perienced with this original instruthent on the first series of tests, 
the committee replaced the Micromax with a Speedomax re- 
corder, The latter instrument is much more suited to our particu- 
lun purpose sittce it has the ability to handle exceptionally high 


However, owing to the difficulties which were ex- 


lead wire resistances at a high speed of recording. The instru- 
ment was supplemented by a switching unit which contained 
seven groups of 21 contacts each, or a total of 147 points. 
Thermocouples were identified by numbering all of the seven 
groups from 1 to 21, inclusive. The group identification number, 
which is one of the 21 points, prints at the upper extremity of the 
chart and identifies the group being recorded at the particular 
* time. The switching mechanism is entirely automatic and allows 
the 147 points (140 thermocouples) to be recorded in approxi- 
While 
it was possible to increase greatly the speed of recording and thus- 
decrease the time interval required for recording a complete 
evele with the latter arrangement, it was felt unnecessary to do 


mately 30 minutes or about 12 seconds per thermocouple. 


so since the variations existing during the test period were too 


small to Warrant the additional volume of data. Fig. 4 shows the 
instrument mounted in a convenient location on the operating 


floor. 


Descrivtion or Tests 


The test program at Paddy's Run. Station consisted of two 
series of tests, each requiring about 10 days for completion. 
The fi i 4 test Nos. 1 to 14, inclusive, 


, con 


hic. View or L&N 140 Pornr Rec Unit 
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were run in February, 1948. The second series of tests, con-— 
‘taining test Nos. 15 to 30, inclusive, were run in October, 1948. ° 
We. are sorry to report that due to difficulties experienced 
with the original Micromax recorder, we did not obtain any 
thermocouple data of value during the first series of tests. ; 
However, the heat-balance data taken on test Nos. 1 to 14, | 
inclusive, did establish that flame shape has a definite effect upon — 
furnace performance and warranted further investigation. It— 
was alsé found that the effect of varying the amount of excess 


air for combustion on furnace performance was a very difficult 
-factor to isolate. On this series of tests, the committee attempted 
to investigate the effect of changing excess air under as near to— 
normal operating conditions as possible, which includes the 
adjustment of secondary-air vanes to obtain the most desirable 
furnace conditions. It was found that these adjustments to the — 
secondary-air vanes affected the furnace performance obtained 
for various amounts of excess air. Hence it became apparent 
that our test program should include an investigation of the effect — 
of flame shape on furnace performance, and also that the effect of 
variations in excess air, which were important, would have to 
be determined at constant secondary-air vane opening even though — 
this is not normal operation. It is readily realized that it is — 
impossible to measure flame shape, but it is possible to establish 
definitely the secondary-air vane opening and burner-box pres-— 
sure. Since the secondary-air vanes control the flame shape 
over a wide range, the committee decided to investigate the 
effect of varying secondary-air vane opening. 

The test program for the second series of tests as actually 
completed is shown in Table 1. ° 

Originally, it had been hoped that it would be possible to run 

individual series of tests (those tests at the same load and excess 
air with different: secondary-air vane openings) consecutively, 
on the same test day, in order to determine the effect of varying — 
vane opening with a minimum change in operating conditions, 
such as secumulation of ash on However, in 
actually running the tests it was found that the time necessary | 
to establish equilibrium at the desired operating conditions made > 
it impossible to complete three tests in a reasonable test day, and 
it was also found that the accumulation of ash on the furnace 
walls did not vary greatly during the entire test period. 

It was also necessary to eliminate test Nos. 20 and 23, owing 
to insufficient time available in the test schedule. 

Prior to each test period the retractable soot blowers, located © 
between the slag screen and the first row of superheater elements, — 
were blown,.as well as the air-heater soot blowers. No other — 
efforts were made to clean the unit prior to tests since the furnace | 
remained relatively clean. 


furnace walls. 


TABLE 1 TBST PROGRAM FOR SECOND TEST SERIES 


Second- 
Heat ary- 
input Excess air 
to air vane Dura- 
furnace, at posi- No. of tion 
per cent furnace tion burners of 
Test full outlet, per cent in test 
no Date load per cent open service hr 
15 10/22/48 93.2 23.0 40 . 4.0 
15A® 10/27/48 91 6 24.8 40 8 4.5 
16 10/22/48 92.2 25.0 60 8 4.0 
17 10/28/48 92.3 26.2 50 8 4.0 
18 10/28/48 90.6 16.9 40 8 5.0 
14 10/20/48 80.5 17.0 60 s 4.0 
21 10/25/48 92.8 29.7 45 8 4.0 
22 10/25/48 92.3 30.2 60 8 4.0 
24 10/24/48 68.7 21.4 35 8 4.0 aa 
25 10/24/48 68.9 23.4 50 8 4.0 
26 10/24/48 69.0 24.5 65 8 5.0 
27 10/27/48 50.2 23.6 30 8 3.75 
28 10/30/48 49.3 21.7 50 4 upper 4.0 
29, 10/29/48 49.2 23.0 50 4 lower 4.0 
30 10/30 48 49.5 21.5 50 2 4.0 


2 lower 


@ Test 15A was run under same conditions as test No. 15 and 5 days later 


as a check test. 
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OF THE ASME 


When equilibrium was established at the test con- - 


“ditions, the instrument was placed in operation and all of the 
thermocouple data recorded, obtaining 8 to 11 complete cycles 
~@ temperature measurement for each test period. All board 
data and other pertinent data were recorded throughout the 
‘test period at regular intervals. One or two complete inspec- 
tions of the furnace-wall surfaces were made during each test 
period to establish furnace We also 
~ took a pulverized-coal fineness sample from each burner conduit 
during the test period in accordance with the ASTM Code for 
Pulverized Coal Sampling. 


cleanliness conditions. 


MetuHops OF ANALYZING Test Data 


Distribution of pulverized-coal flow to the various burners 


was determined by using the’pulverized-coal fineness samples as a 
measure. 
= from two directions without changing the cyclone-vent 
_ position, once it had been set to provide the correct average 
recovery rate. 
_conduit, divided by the total weight of sample collected from all 
burner conduits, was considered representative of the distribu- 
tion of pulverized’ coal between burners. 
how well the distribution of coal flow between: mill systems, as 
-measured by this method, checks that determined by use of the 
Table 2 shows the comparison of total flow to the 
A-mill system by both methods. ; 


In taking these samples, we traversed all burner con- 


Therefore the weight of sample collected in each 


It is of interest to note 


coal scales. 


TABLE 2 COMPARISON OF COAL FLOW TO 


BY DIFFERENT METHOD 


Per cent of 
total coal 
flow to A mill 
(coal 
scales) 


A-MILL SYSTEM 
Per cent of 
total 
flow to A mill 
(fineness 
samples) 


4 
6 
5 
2 
9 
5 
3 
0 
0 
0 
5 


The AT-value referred to’ on these tests.is the difference be- 
tween the temperature of the exposed surface of the furnace- 
wall tube, measured on the tube cehter line at various locations, 
and the average temperature of the mixture within the tube, 
as indicated by the base thermocouples. 

The distribution of heat absorption over the furnace walls 
~ has been represented by Figs. 5 to 19, inclusive, by use of iso- 
thermal A7T-diagrams. Each diagram is actually a development 

of the furnace walls as viewed from ‘outside of the furnace.” 
The AT7-values shown on these particular diagrams use the satura- 
_ tion temperature at drum pressure, correcting for difference in 
elevation, as the average temperature of the mixture within the 
tube. While the base used does not affect the distr?bution of heat 
absorption, these A7-values may be changed to the thermocouple 
base by applying the correction noted under each isothermal AT- 
diagram. It has been found that the base thermocouples provide 
a better indication of the temperature of the mixture within the 
tube than is obtained by using the saturation temperature. 
‘The small arrows indicated on the circles re presenting burner 
- openings in the front wall denote the rotation of the fuel mixture 
leaving the particular burner throat. 
_ tions are also noted on each diagram, ; 

Ash-coverage diagrams are also included in Figs. 5 to 19; 

- inclusive, to represent the ash conditions observed on the furnace 


Important test condi- 


OCTOBER, 1950 
walls during each test period. Fig. 20 must be used in con- 
junction with these ash-coverage diagrams, since it describes 
various types of ash found and referred to on the ash-coverage 
diagrams. Each area, on the diagram, contains the authors’ 
estimate of the per cent coverage, average depth of ash, and 
type of ash. The locations of observation doors used for these 
furnace observations are also shown. The small arrows repre- 
sent a general indication of the direction of gas flow noted at 
various points throughout the furnace. We have also attempted 
to indicate an approximate flame angle ne the burner throats 
for. all tests. 

The distribution of heat iui over the height of he 
furnace is represented for various series of tests in Figs. 22 to 28, 
inclusive. This distribution is shown by plotting the average 
AT of all thermocouples located at a particular elevation against 
the height of the furnace in feet above the center line of the 
hopper throat. Average rate of heat absorption at the various 
elevations may be approximated by multiplying the average 
AT-value by a factor of 1060 Btu/(sq ft) (hr) (deg F). 

The A7-values obtained for these tests do, of course, present a 
means of estimating the total amount of furnace heat absorption 
if certain assumptions are to be made. 
calculations are subject to many possible errors, some of which are 
constant and others variable. Some of the inherent errors, which 


must be remembered whenever considering results obtained from’ 


such calculations, are as follows: 


(a) Possible variation of true 
with the age of the thermocouple. ‘ . 

(b) Errors due to the effect of ash acc umul: iting at the 
thermocouple location and not on the surrounding surface, caused 
by the protective shield, and thus not giving an accurate tem- 
perature measurement of the exposed surface represented by the 
thermocouple. . 

(c) Variations of the internal ¢ ated the tube. 

(d) Variations of inside-film conductance under various con- 
ditions of load and internal cleanliness. 

(e) Errors caused by improper weighting of thermoc ouple 
data with respect to the surface represented. ‘ 


(f) 


temperature measurement 


Errors due to.the impossibility of covering adequately 


_ the entire projected area of the furnace waterwalls. 


(g) Errors due to the difficulty in obtaining the true tempera- 
ture of the mixture within the tube at the many thermocouple 
locations. 


It also must be recognized that a 1-deg error’in temperature 
measurement can result in an 8 per‘ cent error in the furnace 
heat-absorption results at 50 per cent full load. 

However, have made calculations using 
similar to those used by Schueler (2). ; 

The thermal conductivity of the tube metal was assumed to be 
348 Btu/(sq ft-hr)/in., and by using the tube OD. of 3 in. with 
an average ID of 2.524 in., we obtained a value for metal con- 
ductance of 1342 Btu/(sq ft) (hr) (deg F) when referred to the 
OD of the tube. A film conductance was assumed to be 5000 
Btu/(sq ft) (hr) (deg F) when referred to the OD of the tube. 
The over-all conductance through the tube metal and film was 
then calculated to be 1060 Btu/(sq ft) (hr) (deg F).* The total 
projected area of the furnace is 8884 sq ft, which includes 
the projected area of all waterwall surface in the furnace above the 


we assumptions 


hopper throat and the projected area of the outlet aperture. 


Total furnace heat absorption was then determined by the 


‘following equation: 


Absorption = U,SAT7, Btu perhr 


where 


However, any such, 
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A U,SAT = 


U,, = over-all conductance of metal and film = 1060 Btu 
(sq ft) (hr) (deg F) 

total projected area of furnace surface = 8884 sq ft 

AT = average difference in temperature between surface at 
furnace-face center line and temperature of mixture 
within tube as indicated by base thermocouples 

1060 8884 AT 

= 9,417,000 X AT, Btu per hr 

= 9.417 X AT MKB per hr 


Furnace heat-absorption efficiency then becomes 


9.417 X AT 


100. 
Net heat available to furnace 


Efficiency = 
The value of heat absorption for the AJ’ method has been 
determined for each complete test as well as furnace heat-absorp- 
tion efficiency. Fig. 21 shows a comparison of the furnace heat ab- 
sorption as obtained from the A7-results with the furnace heat 
absorption as determined by  heat-balancing the furnace. 
This curve shows that, in general, a fairly good correlation is 
obtained between the two methods. 
ANALYsIS OF RESULTS 


Table 3 shows the average of all board data and_all other 
pertinent operating data, such as burner-box pressures, burner 
settings, pulverized-coal fineness, etc., 

Table 4 shows the distribution of pulverized coal between 
burners on each test in per cent of total coal flow to the furnace. 


taken during the tests. 


Table 5 shows the average value of AT’ obtained at each fur- - 


nace-face thermocouple location. 

Table 6 presents a summary of the important test conditions 
and results for all complete tests. 

Figs. 5 to 19, inclusive, show the distribution of heat absorption 
in the furnace and furnace-wall cleanliness for all of the operating 
conditions studied. 

Figs. 22 to 28, inclusive, show the distribution of heat absorp- 


“tion over the height of the furnace for all of the operating condi- 


tions, and these curves are arranged in groups to facilitate the 
study of the effect of the various operating variables. 

Figs. 29 to 32, inclusive, show the furnace heat-absorption ef- 
ficiency, as determined by the AT-results for all of the operating 
conditions studied. 

Owing to the inherent errors involved in any calculations, 
based upon the AT7-values, the analysis of these data necessarily 
must be qualitative. The curves have been drawn to indicate 
trends in the distribution of heat absorption and furnace ef- 
ficiency for this particular furnace under the operating conditions 
studied. 

Referring to the ash-coverage diagramis, it is found that, i 
general, the furnace walls remain relatively clean under all of the 
operating conditions investigated. The only furnace-wall sur- 
face which accumulated any appreciable amount of ash is that 
surface of the rear wall located directly opposite the burners. 
In this location the ash coverage varies with operating conditions 
and the surface periodically cleans itself. The ash coverage on 


the side walls is negligible‘and is confined to small fingers which 


project out from between the tubes toward the direction of gas 
flow. The front-wall surface has no ash coverage other than 4 
light dust coating about '/\.in. thick. Heavy formations of ash 
somewhat similar to stalactites were found hanging vertically 
down from the bottom of the slag-screen opening on all tests. 
These formations varied in size for the different tests- since 
their accumulated weight occasionally would cause them to 
break away and fall to the ash pit. The average diameter of these 
formations at, their base was 8 to 10 in. and their length approxi- 
mately 12 to 18in. They were held in place by their base, form- 


under separate headings which follow:. 


— 
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ing at the location where the*rear-wall tubes were bent out of line 
to form‘the slag screen. Similar ash formations were found at 
the bottom of the rear-wall sloped section. Here the ash ap- 
peared to be dry and sintered and again built up until the aecumu- 
iated weight caused it to break away. These pieces were of the 
same general size as described previously and could be broken 
off easily.” It is possible that a small eddy was located in this 
corner of the furnace and aided the growth of these formations. 
Referring to the isothermal A7-diagrams, it may be seen that 


- zones of relatively high absorption rates existed in that area of 


the side walls adjacent to the burners under all operating condi- 
tions. These zones, in general, indicated absorption rates in the 
vicinity of 50,000 to 75,000 Btu/(sq ft-hr), whereas the average 
absorption rate for the entire furnace is approximately 40,000 
to 45,000 Btu/(sq ft-hr) at full load. 
in these zones for some operating conditions are probably higher 
than those experienced in the normal operation of this furnace, 
since normally the secondary-air vanes are adjusted as required 


The absorption rates found 


to obtain the optimum furnace conditions with no flame impinge- 
ment. On these tests we used the vane adjustments to provide 
changes in flame shape so that.we might study its effect upon 
furnace performance. 

The sloping section of the rear wall which forms part of the 
ash hopper also showed relatively high heat-absorption rates in 
all cases, apparently due to the cleanliness of the surface in this 
area and the fact that this surface has an excellent “view” 
of the flames. The heat absorbed by the rear wall, where the 
surface is not affected by ash coverage, is generally higher than 
found on the other walls. The highest average absorption rates 
for any elevation are found in the lower part of the furnace and 
usually reach their maximum at the elevation just below the 
burners. The maximum might occur at the burner elevation if 
the furnace-wall surface in this area were not alec ted by ash 
accumyplations. 

A wide variation in absorption rate is found at the burner 
elevation for the various operating conditions studied, again 
indicating that this area is affected by ash accumulation which 
varies with operating conditions, or cleans itself periodically. 
On the curves representing ‘the distribution of heat-absorption 
rates over the height of the furnace, it is found that the heat- 
absorption rates decrease in going to the higher furnace eleva- 


.tions, but that a second peak of increased absorption rates occurs 


in that part of the furnace where the cross-sectional area is re- 
duced by the sloping section of the rear wall. Since this same 
characteristic is noted for all operating conditions, it seems’ that, 
at least partially, it is caused by an increase in convection transfer 
in this region due to the “scrubbing” action of the furnace gases 
against the wall surface as the cross-sectional area of the furnace 
is reduced. This is also shown by the isothermal AT-diagrams 


where zones of slightly higher absorption rates are found at this © 


elevation om the side walls and the front wall. 

The furnace heat-absorption efficiency was indicatea to be 
approximately 41 per cent at full load, under normal operating 
corrditions, 

The effects of the various operating variables on distribution of 
heat absorption in the furnace and furnace efficiency are analyzed 


Effects of Varying Secondary-Air Vane Opening. Based upon 
our experience with these burners, we investigated this variable 
in the range of 40 to 60 per cent vane opening at full load and — 
35 to 65 per cent vane opening at 75 per cent full load. These 
ranges of vane opening provide sufficient variations in flame shape 
and still maintain satisfactory furnace conditions. 

(a) 100 per cent full load—25 per cent excess air (test Nos. 
15 to 17, inclusive): Under these conditions, it was found that 


the amount of ash accumulated on the rear wall opposite the 
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Averace AT-VariaTion Wits Lever ror Taree Seconpary-AiR VANE Positions 


aT Loap anv Asout 25 Per’Cent Excess Arr at FURNACE OUTLET 


burners increased slightly as the vanes were opened. This, of 
course, Was accompanied by a decrease in absorption rate in this 
area. While the front-wsi! surface remains clean during these 
changes in vane opening, the heat absorbed by this surface 
decreased as the vanes were opened. The distribution of heat 
absorption in the side walls did not vary greatly, although there 
are some indications that the zones of relatively high absorption 
rates near the burners contain lower absorption rates at 50 per 
cent vane opening. Considering the distribution of heat ab- 
sorption over the height of the furnace, it was found that at the 
6-ft elevation there was little change in the average heat-ab- 
sorption rates. However, between the 6-ft and 35-ft elevation, 
the heat absorption varied considerably for the different vane 
openings, apparently caused by the variations in ash coverage of 
the rear wall in this area. From elevation 35 ft to the top of the 


furnace, the trends in absorption rates are the same for various 
vane openings, but the tests with the higher vane openings show 
lower absorption rates. The furnace heat-absorption efficiency 
decreased about 4 per cent as the vane openings were increased 
from 40 to 60 per cent. 

(b) 100 per cent full load—17 per cent excess air (test Nos. 
18 and 19): Again, it was found that the heat absorption in the 
front wall decreased as the vanes were opened, while the cleamli- 
ness in this area remained constant. The ash coverage of the 
rear wall did not vary appreciably between tests. The zones of 
relatively high heat absorption on the side walls near the burners 
did not change greatly as the vane openings were varied, but it 
did appear that the absorption rates found in these zones were 
reduced as’ the vane openings were increased. In studying the 
distribution of heat absorption over the height of the furnace, it 
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Furnace Tuse Lever Averace AT Wira Variations in Net Heat To Furnace 


FOR NORMAL SeECONDARY-AIR VANE Post 
was found that the trends obtained for both of these vane openings 
were the same but that slightly lower absorption rates were 
found over the height of the furnace with the higher vane opening. 
It was noted that there was little variation in absorption at the 
burner elevation, which indicates that the ash accumulation in 
this region and its variations were small on both of these tests. 
The furnace efficiency décreased about 2 to 3 per cent as the vanes 
were opened from 40 to 60 per cent. 

(c) 100 per cent full load—30 per cent excess air (test Nos. 
21 and 22): The heat absorbed by the front wall decreased as 
the vanes were opened. The absorption rates in the zones of 
relatively high absorption on the side walls decreased as the 
vanes were opened. The ash coverage of the rear wall opposite 
the burners apparently increased as the vanes were opened, 
causing a decrease in absorption rates in this area. The dis- 


TIONS AND Anpout 25 Per Cent Excess Arr 


tribution of the heat absorption over the height of the furnace 
‘was not changed greatly as the vane openings were varied; 
On both tests it is indicated that ash coverage at the burner 
elevations caused a reduction in heat-absorption rates in this 
The furnace efficiency remained nearly constant as the 
vane openings were varied, since a decrease of only 1 per cent 
was shown as the vane openings were increased from 45 to 60 
per cent. 

(d) 75 per cent full load—-25 per cent excess air (test Nos. 
24 to 26, inclusive):. The heat absorbed by the front wall de- 
creased when the vane openings were increased, 


area, 


The high ab- 
sorption zones on the side walls did not appear to change sig- 
nificantly as the vane openings were varied. The distribution of 
heat absorption over the height of the furnace did not change 
greatly as the vane openings were varied although higher rates 
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TABLE 6 SUMMARY OF CONDITIONS AND RESULTS OF TESTS NOS. 15 THROUGH 30 
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& GS 27 & & $ 3 
15 10-22-48 793.7 93.2 . 23.0 4O 8 350. 
15A 10-27-48 91.6 40 8 6.3 309:8 39-7 
16 10-22-48 785.2 92.2 25.0 60 8 31.2 293.8 37. 
17 10-28-48 787.2 92.3 26.2 50 32.3 304.2 .38.6 
18 10-28-48 772.4 6 16.9 8 . 37.4% %.6 52.2 
19 10-20-48 761.5 89.5 17.0 60 8 35.0° 2.8 329.6 
21 10-25-48 791.0 92.8 29.7 45 8 34.7 5.9 326.8 41. 
22 10-25-48 786.8 92.3 30.2 60 8 34.1 3.5 321.1 
25 386.9 68.9 70 a 29.1 1.7 274.0 
26 10-28 587.4 69.0 2h. 5 5 8 29.4 1.2 276.9 47.2 
2 10-27-48 427.1 50.2 23.6 30 8 23.1 1.4 217.5 50.9 © ee 
2 10-30-48 418.2 21.7-° 50 ke 23.5 2.8 221.3 52.9 Per ¢ 
29 10-29-48 418, 49.2 23.0 50 226.0 5.0 
30 10-30-48 419, 49.5 21.5 50 25.0 2.6 235.4% 56.1 
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of absorption were found on the tests at the lower vane openings. absorbed in the front wall and usually causes a reduction in cre: 
The heat-absorption rates at the burner elevations were low on absorption in the rear wall owing to an increase in ash coverage. cen 
all of these tests, apparently owing to the ash coverage in this The rate of heat absorption in those zones of relatively high see! 
area. It is also possible that this ash was deposited on some of | absorption rates on the side walls near the burners usually de- ] 
full-load tests and that the change in furnace rating was not creases as the vanes are opened. The distributign of heat hes 
sufficient to allow it to clean itself. Increasing the vane opening. absorption over the height of the furnace does not vary greatly “to 
under these conditions caused a decrease in furnace heat-absorp- — in any range of elevation other than in the vicinity of the burners, out 
tion efficiency of about 3 to 4 per cent. - "but lower absorption rates are found throughout the furnace as alo 
(e) General: Summarizing the foregoing results, it is found the vane openings are increased. The effect of varying vane : an 
that increasing the vane opening results in decreasing the heat opening on furnace heat-absorption efficiency at full load seems ‘ 30 
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to change depending upon the.excess air used. At 17°and 25 
per cent excess air, we found a decrease of approximately 2 to 
4 per cent as the vanes were opend, but found only a slight de- 
crease in efficiency as the vane opening was increased at 30 per 
cent excess air. The effect of vane openings on furnace efficiency 
seems to be slightly reduced as the furnace rating is reduced. 
Effect of Varying Heat Inpui to Furnace. The effect of varying 
heat input was studied between the approximate range of 50 
per cent excess air at the furnace 
outlet with eight burners in service. The effect of this variable 
alone is probably best shown -by comparing test Nos. 15, 25, 
and 27, where the secondary-air vane openings were 40, 35, and 
30 per cent open, respectively. Other comparisons in the range 


“0 


GENERATOR, LOUISVILLE, K 


Z2SN/EXCESS AIR 


FURNACE HEAT ABSORPTION EFFICIENCY 


35 40 45 ss 


SECONDARY AIR VANE POSITION 
hia. 31) Variation or Furnace Heat-Ansorption Erriciency 
Excess Ark at Furnace Ovutiet ror Tourer Dirrerentr 


VANE SeETrTines aT APPROXIMATELY 100 Per Cent 
Loap 


of about 70 per cent to 93 per cent full load may also be made. 
Test Nos. 17 and 25 were run at 50 per cent vane opening, and 
test Nos. 16 and 26 were made at 60 to 65 per cent vane opening. 

Comparing test Nos. 15, 24, and 27, it is found that the dis- 
tribution of heat absorbed in the front wall does not vary greatly, 
regardless of the heat input, although, of course, it increases in 
amount as the heat input is increased. The location of the zones 
of higher absorption found on the side walls near the burners 
does not change greatly as the heat input is increased, but the 
rate of heat absorption in these zones increases. The rear 
wall is less affected by ash accumulation at the lower heat inputs 
with the result that it has a more uniform and nearly as great 
absorption at the lower loads as are obtained at the high load. 
In general, the isothermal diagrams become a little more spotted 
at 50 per cent full load. 

Comparing the distribution over the height of the furnace, 
it is found that the genera! trends remain the same, except at the 
At full load, it is noted that there is a small 
reduction in the absorption in this particular area when com- 
paring it to elevations both above and below this region. At 
about 70 per cent full load, there is a considerable reduction in 
absorption at the burner elevation, but it is felt that this is caused 
by ash coverage on the rear wall which was accumulated during 


burner elevations. 


some of the various operating conditions at full load and did not 
clean itself, thus distorting the true distribution at this load. 

At 50 per cent load, it is found that the distribution of heat 
absorption over the height of the furnace is much more uniform 
than found under the preceding conditions and reaches a maxi- 
mum at the burner elevation. This indicates that at 50 per cent 
load the distribution of heat absorption is not affected by ash 
coverage and that the ash coverage is negligible. The other tests 
show about the same results for the range in which they were 
investigated, 

The furnace heat-absorption efficiency for test Nos. 15, 24, 
and 27 indicates that, as the heat input is increased in the range 
from 50 to 70 per cent full load, there is only a slight decrease in 
furnace efliciency, but that increasing the heat input in the 
range from 70 to 93 per cent causes an appreciable reduction 
in furnace efficiency (about 7 per cent). Comparing the other 
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It is found that the dis-* 
heat absorption on the varigus furnace walls 
varies only a small amount as the excess air is increased, although 


run with 60 per cent vane opening. 
tribution of 
there are some indications that the absorption rates in the rear 
wall are decreased as the excess air is increased, apparently due 
to an increase in ash coverage. The zones of high absorption 
on the side walls, near the burners do not seem to vary sig- 
nificantly as the excess air is changed, although the rates of heat 
absorption found were a little higher at the low excess air. 

In studying the distribution of heat absorption® over the 
height of the furnace at 60 per cent vane opening, it is noted 
that from elevation 35 ft to the top of the furnace there is little 
change in distribution regardless of the amount of excess air used, 
but that considerable variations are found from the hopper 
throat up to the 35-ft elevation. 

At 17 per cent excess air the heat-absorption rate reaches : 
maximum at the burner elevations. At 25 per cent excess air, 
the absorption rate is rather constant over this range of elevation. 
At 30 per cent excess air there is a considerable reduction in the 
heat absorption at the burner elevations, but the heat absorption 
is higher just under the burner elevations than is noted under 
the other conditions. These same general characteristics are’ 
noted in comparing the tests at 40 per cent secondary-air vane 
opening. 

It was indicated that the furnace heat-absorption efficiency 
at 40 per cent vane opening decreased rather rapidly as the excess - 
air was changed from 17 to 25 per cent, and then remained ap- 
proximately constant as the excess air was increased from 25‘to 
30 percent. It was also indicated that at 60 per cent vane open- 
ing the furnace efficiency decreased rapidly between 17 and 25 
per cent excess air, and then increased slightly as the excess 
air was increased from 25 to 30 per cent. This indicates that, as 
the excess air is increased at constant vane opening from 17 to 
25 per cent excess air, there is a reduction in furnace efficiency 
which can be recovered partially by increasing the excess air 
further. This might be caused by the increase in the angular 
velocity of the mixture leaving the burner throat. Both the 
study of variations of the amount of excess air and the study 
of variations in secondary-air vane opening seem to indicate that 
an increase in the angular velocity of the fuel mixture leaving the 
burner throats results in improving the mixing of the fuel and 
air and possibly increases the rate of combustion of the fuel 
particles. Thus it seems possible that the temperature of the 
flame envelope might be changed as well as its shape as the 
angular velocity of the fuel mixture is changed. | g 

Effect of Various Combinations of Burners in Service at 50 Per 
Cent Full Load. Test Nos. 27 to 30, inclusive, were run at, about 
50 per cent full load with approximately 25 per cent excess air 
at the furnace outlet. Test No. 27 was run with all eight burners 
in service, Test No. 28 with only the four upper burners, Test 
No. 29 with only the four lower burners, and Test No. 30 with 
the two upper inside burners and the two lower outside burners 
in service. It was found that the distribution and amount of 
heat absorbed by the front wall did not vary greatly on any of 
these tests. The heat absorption by the rear wall did change 
considerably depending upon which burners were used. The 
absorption by this wall-was much more uniform when all-eight 
burners were used and also much less affected by ash coverage. 
It was found that the location of higher absorption rates on 
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tests at 50 and 60 per cent vane opening in the range from 70 _ the rear wall changed with the combinations of burners in service. o1 
to 93 per cent, the same results are noted.” . They were located highest on the rear wall with the four upper ti 

Effect of Varying Excess Air at Furnace Outlet. The effect of — burners in operation and.lowest when the four lower burners were ol 
varying excess air at the furnace outlet was studied at approxi- used. The zones of higli absorption rates on the side walls near Vv 
mately full load in the range between 17 to 30 per cent. Test the burners did‘not vary greatly but yet tended to shift up and 
Nos. 15, 18, and 21 were all run with approximately 40 per cent down, depending upon which*burners were used. These zones 1 
secondary-air vane opening. Test Nos. 16, 19, and 22 were all contained the lowest absorption rates when all eight burners were I 


‘in this area. A second peak of higher absorption rates cccurs at 


used. 

When studying the distribution of heat absorption over the 
height of the furnace for these tests, it was found that from the 
35-ft elevation to the top of the furnace there was little change in 
distribution. However, frem the ash-hopper throat up to the 
35-ft elevation, the distribution was changed considerably for the 
various burner combinations. With the four lower burners in 
operation, the maximum absorption rates were found just below 
the lower burner elevations. 


of the! 
in furna 
dependi 
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per cent 


rear-Wwal 
absorpti 
higher 


With thé four upper burnérs in 
burners 


operation, the maximum absorption rate was found at the ele- fficien 

efhieienc 
‘vation of these upper burners. When the two upper and two T 
lower burners were used, the maximum heat-absorption rate ’ 


was found to be less than those obtained with the other four distribt 
burner combinations and spread over a wider range of elevation, inheren 
reaching its maximum near the elevation of the lower burners. of the { 
When eight burners were used, the absorption rate in this ‘region mendes 
was much lower and much more constant, reaching its maximum reader 
value at the elevation of the upper burners. 7 Part II 
It was indicated that the lowest furnace efficiency was ob- The 
tained with eight burners in operation and increased in the this p: 
following order; four upper burners, four lower burners, and two \ design 
upper’and two lower burners. Howéver, using the convection of sim 
superheater as an indication of furnace efficiency, it was found operat 
that the four lower burner operation resulted in a higher furnace fired, | 
efficiency than was obtained with the two upper and ‘two lower found. 
burner operation.- It also seems that the difference in efficiency 
between four lower burner operation and two upper and two lower 
burner operation is too small to establish definitely by the AT- The 
method, which is the more efficient. : ; ance 
( ONCLUSIONS . The 
Based upon the foregoing data and analysis of results, we forms 
have formed the following conclusions concerning the performance snvest 
of this furnace under the operating conditions investigatéd: Th 
‘1: Ash does not collect in sufficient quantities to affect the ALG. 
heat absorption by the furnace-wall surface at any loéation other Supe 
than the area of the rear wall at the burner elevations, where at P: 


there is a tendency to accumulate and shed ash under some of the 
operating conditions studied. 

2 Considering the distribution of heat absorption over the 
height of the furnace, it is found that the average absorption 
rates are usually highest at the elevation just below the burners, 
although indications show that the maximum might be found at 
the burner elevations if it weré not for the effect of ash coverage 


the elevation where the cross-sectional area of the furnace is 
reduced, near the top, by the rear-wall sloping section. : 

3 Variations in absorption rates for clean furnace surface 
throughout the furnace do not exceed a magnitude of 3 or 4 to 1. 
Zones of 60,000 to 75,000 Btu/(sq ft-hr) absorption rates exist 
in that area of the side walls near the burners, and relatively high 
rates of absorptioh.occur in that area of*the rear wall which forms 
part of the hopper throat at the bottom of the furnace under all 
of the operating conditions studied. : 


4 Opening the secondary air vanes, in the ranges studied, 
causes (a) a reduction in heat absorbed by the front walls; 
(b) an increase in ash accumulation on the rear wall opposite the 
burners, accompanied by a decrease in absorption in this area; 
(c) a reduction in absorption rates in the zones of higher absorption 
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on the side walls near the burners; (d) a decrease in absorp- 
tion at the burner elevations and lower absorption rates through- 
out the furnace} and (e) a decrease in furnace efficiency, which 
varies with excess-air and heat-input conditions. 

5 Increasing the excess air for combustion, in the range from 
17 to 30 per cent, causes (a) a reduction in heat absorption at the 
burner elevations; (6) an increase in ash coverage in that area 
of the rear wall directly opposite the burners; and (c) a decrease 
in furnace heat-absorption efficiency with varying characteristics, 
depending upon which secondary-air vane opening is used. 

6 Variations in the combination of burners in service, at 50 
per cent full load, causes (a) changes in the ash coverage on the 
rear-wall area opposite the burners; (4) Variations in the average 
absorption rates at the burner elevations, and the locations of 
higher absorption zones shift up and down, depending upon the 
burners used; and (c) variations in furnace heat-absorption 
efficiency in the range of approximately 5 per cent. 

7 The A7-method provides a good means of determining the 
distribution of heat absorption in the furnace and many of its 
inherent errors apparently cancel themselves in the determination 
of the furnace heat-absorption efficiency. However, it is recom- 
mended that wherever furnace efficiency is concerned, the 
reader should also refer to the heat-balance data contained in 
Part II of the investigation at Paddy’s Run Station. 


The data, diagrams, and curves which have been included in 
this paper should be of considerable assistance to the furnace 
designer and operator in predicting performance characteristics 
of similar furnaces, although it must be recognized that other 
operating variables, such as different characteristics of the fuel 
fired, may revise or modify some of the results which have been 
found. 
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Measurement,” by C. G. R. Humphreys, Combustion, October, 1944, 
pp. 43-45. 
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This paper is part of the second of a series of formal re- 
ports on investigations of heat absorption and distribu- 
tion of heat transfer in representative pulverized-coal- 
fired boiler furnaces, sponsored by the ASME Special Re- 
search Committee on Furnace Performance Factors. 
The results are presented of fifteen determinations of heat 
absorption in the furnace of a 640,000 lb per hr boiler with 
horizontal firing, operating at 950 psig and 900 F at the 
superheater outlet. The effect on furnace heat-absorption 
efficiency is shown for variation of (a) the heat available in 
the furnace, (5) the excess air, (c) the setting of the second- 
ary-air vanes of the turbulent burners, and (d). at low 
loads, the number and location of the burners used. De- 
tailed data.are given for the distribution of excess air and 
gas temperature at the furnace outlet. The heat-absorp- 
.tion data are analyzed in terms of radiation heat transfer, 
and the significance of flame location, volume, and shape 
is discussed. 


INTRODUCTION 


HIS paper presents the results of determinations of the 

heat-absorption efficiency of a central-station, pulverized- 

coal-fired, steam-boiler furnace, for a variety of operating 
conditions. It is a part of the report of the second? of a series of 
comprehensive investigations of heat transfer in boiler furnaces 
by the Special Research Committee on Furnace Performance 
Factors of the Society. The unit studied in this second investi- 
gation is boiler No. 3, Paddy’s Run Station, Louisville Gas & 
Electric Company, Louisville, Ky., a single-drum boiler, with a 
dry-bottom furnace, fired from the front wall with eight horizon- 
tal turbulent, burners arranged in two rows and rated at 640,000 
lb of steam per hr at 950 psig and 900 F at the superheater outlet. 


The investigation. of this unit by the committee consisted of 


1 Supervising Engineer, Combustion Research Section, Bureau of 


Mines. Mem. ASME. 
? Fuel Engineer, Combustion Research Section, Bureau of Mines: 
Mem. ASME. 


3 The report on the first unit studied, Boiler No. 11, Tidd Station, 
has already been published: ‘‘An Investigation of the Variation in 
Heat Absorption in a Pulverized-Coal-Fired Water-Cooled Steam- 
Boiler Furnace,"’ by L. B. Schueler, et al, Trans. ASME, vol. 70, 
1948, pp, 553-619. 

Contributed by the Special Research Committee on Furnace Per- 
formance Factors, and the Fuels, Power, and Heat Transfer Divi- 
sions and presented at the Annual Meeting, New York, N. Y., No- 
vember 27—December 2, 1949, of THe American Sociery or Me- 
CHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 

* understood as individual expressions of their authors and not those of 
the Society. Paper No. 49-—A-42. 
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Part II. Furnace Heat-Absorption Efficiency as Shown by 
Temperature and Composition of Gases L 


saving the Furnace 


two parts, namely, determination of the total heat absorption in 
the furnace, which is the subject of this paper, and determination 
of the distribution of heat absorption in the furnace, the subject 
of another paper of this symposium. The furnace heat-absorp- 
tion tests were made by the Combustion Research Section of the 
Bureau of Mines, concurrently with the other studies, as part of 
the Bureau of Mines co-operative research program with the com- 
mittee to study the effect of ash and slag on furnace performance. 

Fifteen tests were made to determine the effect on furnace heat 
absorption of variations of load, excess air, adjustment of the 
turbulent burners, and, at low loads, the number and location of 
the burners used. The heat absorption is defined as the heat 
transferred by convection to the furnace walls, not including the 
and the heat transferred by radiation to the furnace walls, 
including the screen. With slight modification, the test proce- 
dure is that of Method b of the ASME Test Code for Stationary 
Steam-Generating Units. The heat absorption in the furnace is 
obtained as the difference between the net heat available in the 
furnace (the low heat value of the fuel fired, corrected for un- 
burned combustible, plus the sensible heat in the air used for 
combustion ) and the sensible heat in the furnace-outlet gases and 
the refuse, and the heat transferred from the furnace casing. 

The sensible heat in the furnace-outlet gas was calculated from 
the temperature and composition determined by techniques ap- 
propriate for furnace testing.‘ Measurements were made at a 
number of positions approximating the furnace outlet within the 
limitations of the available means of access to the furnace. Be- 
cause of the significance of the distribution of the temperature and 
composition of the gases at the furnace outlet, the complete test 
data are tabulated in the paper. 


screen, 


Mernops or Test AND CALCULATION 


Description of Furnace. Fig. 1 is a sectional side elevation of 
the boiler, showing the general arrangement of the components. 
The furnace is 78 ft high from the top of the hopper to the center 
line of the drum, 31 ft 0'/2 in. wide between side-wall tubes, 24 ft 
3 in. deep, and the volume is 47,100 cu ft. All furnace walls con- 
sist of 3-in-OD tubes on 3'/,-in. centers, backed by tile. The 
front portion of the furnace roof is formed by the direct continua- 
tion of the front-wall tubes, and the rear portion of the roof is 
formed by the back-wall tubes bent forward and covered on the 
outside with a tile baffle. The slag screen is formed from the 
hback-wali tubes expanded into four rows of tubes with a {-in. 
center-to-center spacing between rows and a 13-in. center-to- 


*“*Methods and Instrumentation for Furnace Heat-Absorption 
Studies: Temperature and Composition of Gases at Furnace Outlet,” 
by P. Cohen, R. C. Corey, and J. W. Myers, Trans. ASME, vol. 70, 
November, 1949, pp. 965-978. 
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Fig..1 
center spacing between lanes. The front row of screen tubes is 8 
ft 11'/, in. from the front-wall tubes, center-to-center distance. 
The furnace outlet is 18 ft 4 in. high and 30 ft 9'/.in. wide. The 
area of projected radiant-heating surface in the furnace is 8884 sq 
ft, iricluding the developed area of the furnace outlet, 564’sq ft. 
The furnace is fired with eight intervane burners in the front 
wall, arranged in two rows of four each with center lines 4 ft 4 in. 
and 10 ft 4 in. above the top of the hopper, respectively. 
_ supplied by two ball-miJl pulverizers equipped with two -ex- 
; hausters each. The north mill fires the two inner upper burners 
and the two outer lower burners, and the south mill, the othér 
four burners. Forced-draft fans, induced-draft fans, and regenera- 
_ tive air heaters are all in duplicate and arranged at the back of. 
the unit. Interconnecting dampers permit operation at low 
loads with but one set of fans and air heater, but, in the tests, 
_ both sets of auxiliaries were always‘used to assure the best bal- 
ance in the furnace and beyond. 
Location of Test Points. After consideration of the available 
access doors, it was decided to make all measurements from six 
_ lancing doors at the front of the furnace, 64 ft above the top of. 
the hopper. A large proportion of the furnace outlet could be 
— reached by inserting a 14-ft water-cooled high-velocity thermo- - 
couple probe through these doors and swinging the’ probe at 
various angles from the horizontal. Thirty sampling positions 


Fuel is ° 


SEcTIONAL E.evation oF Borter No. 3, Pappy’s Run 


were used in the tests, arranged in six columns (A, B, C, D, E, and 
F), corresponding to the location of the lancing doors in the front 
wall, each column having five sampling points, designated +6, 
+3, 0, —3, and —6, which are approximate vertical distances in 
feet from the midplane of the furnace outlet. The ‘actual sitm- 
pling points were 6 in. in front of thescreen at theelevations shown. 
The resulting distribution of sampling points is shown in Fig. 2, a 
map of the developed furnace-outlet area, drawn to scale. The 
furnace outlet is also shown by the heavy line in Fig. 1. 

To facilitate manipulation of the long and heavy water-cooled 
thermocouple holder and to provide reproducibility of the location 
of the sampling positions, a special insert was built for the lancing 
doors, which provided means for convenient and accurate manipu- 
lation of the probe and also permitted rather complete sealing of 
the door during sampling, with asbestos-board plates. Fig. 3 
gives the general details of this special insert. 

Instrumentation and .Analyses. The temperature and com- 
position of the gas at the furnace outlet were determined with 
instrumentation and technique. previously described.t The 
following brief review will be helpful: 

(a) “The temperature of the gas at the furnace outlet was 
determined with high-velocity thermocouples (platinum, 10 per 
cent rhodium-platinum elements), using two new designs of mul- 
tiple shields shown as types E and G in Fig. 4. Direct compari- 
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son between the shields, and the BEW MHVT (multiple high- 
velocity thermocouple), also shown in Fig. 4, were made in the 
subject furnace. The corrections of the observed temperatures, 
to the B&W MHVT basis were small, 30 F and 40 F for 
types E and G, respectively, at 2000 deg F. Because of the short 
length of the Pt Rh-Pt couple and the high gas-flow rates used in 
the proltes, the temperature of the junction between the lead 
wire and couple in the probe exceeded the value at which the two 
were matched, and an additional minor correction was required 
because of the difference in thermoelectrical properties of the 
couple and lead wire. The emf of the thermocouples was re- 
corded with a high-speed electronic potentiometer recorder 
equipped with a 1-hr clock, and representative average values of 
the temperature of the gas at a sampling point could be obtained 
from records of '/. to 1 min duration. ‘ 

(6) Gas analyses and temperature measurements were made 
simultaneously by connecting a Bailey oxygen recorder, with a 
1-hr clock, in series with the aspirating system of the high-velocity 
thermocouple. Routine complete analysis of the gases being 
sampled by the Bailey oxygen recorder served both to check the 
calibration of the Bailey oxygen recorder and to correlate the 
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oxygen content of the furnace-outlet gas with that of the other 
gas -constituents. As with the temperature measurements, 
significant average values for the oxygen content of the gas at a 
sampling point could be obtained from records of '/, to 1 min 
duration. 

(c) Except for analysis of the flue gas entering the air heaters, 
for which the technique just described was employed, all other 
required observations were made with plant instrumentation. 
The temperatures of the flue gas and air entering and leaving the 
air heaters were recorded at the control board by two resistance 
thermometers properly situated in each duct at which measure- 
ments were made, Coal feed rates were ascertained by recording 
at regular intervals the time and the number of the trip at each of 
the four coal scales (two for each mill). Increments of the coal 
were taken at the scales, following ASTM specifications, and were 
stored during the test in 10-gal milk pails. The samples were 
reduced to approximately 35 lb and shipped to Pittsburgh in 
sealed cans for analysis by the Coal Analysis Section of the 
Bureau of Mines. 

The quantity of fly ash in the gas entering the Cottrell pre- 
cipitators was determined by the staff of the Louisville Gas & 
Electric Company, using the methods of the Research Corpora- 
tion and with equipment supplied by the latter company. The 
fly ash was analyzed by the Coal Analysis Section of the Bureau 
of Mines. 

The humidity of the air was determined by sling psychrometer 
at the F.D. fan inlet. 

General Test Procedure. The -superheaters and air heaters 
were blown routinely before each test, and, as required, excess 
slag deposits on the furnace screen were removed by hand lancing. 
The necessary burner adjustments were made, the load was ad- 
justed to the desired value, and the fans were balanced as closely 
as possible. A preliminary analysis of the furnace gas was made 
through door C, and the air flow was then adjusted accordingly to 
give the desired excess air at the furnace outlet. Because of 
occasional nonuniformity of the gas at the furnace outlet, this 
procedure involved some guesswork and did not always yield the 
desired excess air. Coal-scale readings were started as soon as 
the unit was stabilized, and the test continued for a period of 
about 4 hr, the time necessary to make a complete set of all the 
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measurements required for the « 


-ommittee’s investigation. The 
survey at the furnace outlet usually required less than 3 hr. 

Methods of Calculation. (a) Temperature and Gas-Composition 
Data. Because the sampling points are quite uniformly dis- 
tribufed over the furnace-outlet area, simple numerical averages 
were calculated of the observed temperature and oxygen-concen- 
tration data. ‘These averages, with appropriate corrections, weré 
then used in all subsequent calculations, as previous considera- 
tions‘ had shown that more rigorous treatment can rarely be 
justified. 

(b) Furnace Heat Balance. The heat absorption in the fur- 
nace is calculated as the difference between the net heat available 
in the furnace and the heat lost from the furnace in the products 
of combustion, and by radiation and convection from the furnace 
casing. The net heat available in the furnace is the sum of the 
low-heat value of the fuel fired (corrected for unburned combus- 
tible) and the sensible heat in the preheated air. Combustible 
losses were calculated from the analysis of the-fly ash, the fly ash 
concentration, and the calculated quantities of the gases at 
the entrance to the Cottrell precipitator. The sensible heat in the 
preheated air was calculated from a heat balance on the air 
heaters, employing the known temperatures of the gas and air 
streams entering and leaving the air heaters, the average com- 
position of the gas entering the air heater, and an assumed value 
for the air Jeakage in the preheater equal to 5 per cent by weight 
of the gas entering the heater.® j 


The enthalpy of the furnace-outlet gas was calculated from the - 


quantities of the respective gases at the furnace outlet (computed - 
from the gas composition and corrected fuel analysis), and the 
heat contents of the individual gases at the average temperature 
of the furnace-ouitlet gas, obtained from the tables of Heck.*® 

For the purpose of these calculations it was assumed that all the 
ash left the furnace at the temperature of the gases; the heat con- 
tent was calculated using a mean specific heat of 0.27 Btu per lb 
deg F. The heat loss from the furnace casing was taken as one 
half that of the entire unit as given by the ABMA Standard 
Radiation Loss Chart. 


Resutts or Tests 


Description of Tests. The operating data and the results ob- 
tained in the fifteen tests are summarized in Table 1. The tests 
are divided into three groups; group 1, consisting of eight tests at 
full load, numbers 15, 15A, 16, 17, 18, 19, 21, and 22, was made to 
determine the effect on furnace heat absorption of variations:of 
excess air and secondary-air vane settings at the test load. 
Group 2, consisting of three tests at three-quarters load, numbers 
24, 25, and 26, was made to determine the effect of secondary-air 
vane settings at the test load; and group 3, consisting of four tests 
at half-load, numbers 27, 28, 29, and 30, was made to determine 
the effect of the number and location of the burners, at the test 
load. The fuel burned in these tests consisted of a quite uniform 
mixture of high-volatile C West Kentucky coals. There was 
little variation in coal composition from test to test, as shown in 
Table 1. 

Temperature and Gas Composition at the Furnace Outlet. Of 
considerable interest, in addition to the calculated furnace heat 
absorption, is the distribution of the temperature and composition 
of the gases at the furnace outlet. These data are given in Tables 
2 and 3, respectively. The temperature data in Table 2 are the 
values observed with the shields used in the particular test; for 
the heat-absorption calculations, the averages of these values 

“Heat Transfer and Fluid Resistances in Ljungstrém Regeriera- 
tive-Type Air Preheaters,’’ by Hilmer Karlsson and Sven Holm, 
Trans. ASME, vol. 65, 1943, pp. 61-72. 


¢ New Specific Heats,” by R. C. H. Heck, Mechunical Engi- 
neering, vol. 62, 1940, pp. 9-12. 
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were corrected to the B&W MHVT basis and for lead-junction 
errors as shown in Table 4. The gas compositions in Table 3 are 
expressed as per cent excess air, as possibly affording more familiar’ 
and representative values than the oxygen percentages actually 
observed. A recent discussion‘ showed that these values are 
quite representative of the average conditions for which the tests 
were made, and, when plotted on a map of the furnace outlet, 
yield consistent and significant distribution patterns. This is 
illustrated in Figs. 5 and 6, which are distribution plots of the 
temperature and composition of the gas at the furnace autlet, 
respectively, for test 22. : 

These plots demonstrate some of the outstanding characteris- 
tics of the type of firing used in the subject boiler. - One of these 
is the considerable spread of temperature of the gases at the fur- 
nace outlet, compared, to the spread in gas corhposition. Thus 


“the gas at sampling point D+6, excess air 33.7 per cent, leaves 


the furnace at 1920 F, whereas the gas at sampling point D—6, 
excess air 32.9 per cent, or practically the same as that of the gas 
at D+6, leaves the furnace at 2320 F. ‘It is evident that the 
coal-air mixtures from which these streams of gases originated 
were quite similar, but had considerably different experiences in 
traversing the furnace volume from the burner to the furnace out- 
let. _The gas leaving the-furnace at D+6 has lost considerably 
more heat to the walls than the.gas leaving the furnace at D—6; — 
this is probably due to a longer residence time in the furnace, and 
probably a lower average velocity in the furnace. This is in 
accord with visual observations of the velocity of the gases leaving 
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TABLE 2 OBSERVEDse GAS TEMP ERATURE F, AT FURNACE OUTLET, ASME FURNACE HEAT-ABSORPTION ‘TESTS, 
OILER NO. 3, PADDY’ S RUN STATION 7 


Test 


Doorg/ Positiont/ 
A +6 1740 1710 1820 1730 1780 1760 -1740 1780 1600 1590 1660 1510 1440 1450 1460 
+5 1880 1760 177Q 1880 1950 1870 1380 1830 1690 1790 1670 1500 1610 . 1480 1460 
ie) 2060 1910 1780- 2020 . 2210 2010 2060 1850 1930 1650 . 1710 1640 1710 1580 1550 
-5 2130 1960 1880 2139 2270 2040 2090 1990 - 1990 1980 1800 1750 * 1740 1660 1600 
6 2110 1970 2050 2200 23008/ 2160 2140 2120 2020 1940 1970 1870 1760 1750 1800 


+6 1990 2050 1980 1990 2040 1890 1950 1940 1850 1860 1800 1710 1570 1650 1630 
+3 2010 2070 2070 2030 2090 2000 1960 2010 1870 1880 1870 1770 1610 1680 1709 
te) 2050 2150 2160 2100 2150 2100 2010 2120 1930 1940 1960 1840 ~° 1679 1750 1770 A 
-3 2080 2150 2260 2180 2190 = 2210 2070 2240 1990 2030 2010 1900 1750 1810 1840 , 
-6 2160 2230 - 2 2170 2540 2160 2300 2090 2180 2160 1980- 1860 1870 1840 


_ 1890 1979 1940" 1960 1910 - 1900 : 1890 1880 1800 1760 1710 1650 1550 1590 1580 


+3 1880 1970 1980 1940 1930 1980 1880 1950 1820 1790 1760 1650 1590 1640 1630 
i?) 1940 2060 2050 2000 2020 2050 1970 2040 1860 1610 1810 1720 1660 1710 1680 
-3 2070 2170 2180: , 2070 2130 2220 20350 2200 1920 1920 1920 1790 1770 1780 1760 
219q4/ 2270 23 2190 . 2240 2ssaa/ 2150 2300 2000 2130 2090 1970 1900 1860 1860 


1850 1890 1900 1860 1970 -1830 1920 1730 1770 , 1690 ‘1620 1610 °1570 - 1620 
+3 1900 - 1950 1830 1940 1930 2060 1870 1970 1750 1870 1710 1650 1620 1650 1650 
fe) 1960 2070 1930 2010 1980 2150 1970 2080 1840 1960 1790 1700 1670 1720 1690 
-3 2090 2160 2050 2080 2060 2310 2040 2230 1910 2050 1830 1780 1800 1800 1780 


-6 2230 2230 2250 2210 2150 2330 2180 23520 2010 2180 1940 1920 1950 1860 1870 


+6 1840 1950 1870 . 1660° 1820 16350 1660 1570 1660 
+5 1880 2030 1940 1930 1850 2070 1900 2100 1810 1700 1910 1690 1720 1630 1700 
1) 2010 2120 2050 2010 1920 2180 2030 2190 1910 1750 2030 1750 1790 1690 1790 
-3 2080 2220 2150 . 2110 2060 2270 2120 2270 1960 1820 2100  ~=1800 1870 1730 1860. 
-6 2200 2190 2260 2300 2200 2350 2190 2290 2040 1870 2120 1820 ‘1970 1800 1870 


+6 1740 1810 1810 1700 1740 1580 1520 1420 1590 


+5 1760 1790 1740 1800 . 1730 1610 = 1780 1860 1630 1710 1700 1560 1610 1480 1620 
° 1800 1810 1780 1830 1680 1800 1790 1840 1630 1690 1650 1530 1690 1490 1580 
=5 1840 1990 1880 1900 1750 1900 1850 1840 1680 1810 1750 1540 1730 1460 1610 
-6 1910 2130 2070 2050 1900 21350 1970 =-1990 1800 1950 1900 1620 1760 1480 1700 
Avoraze®/ 1975 2024 1997 2011 1999 2069 1969 2046 8611 1852 1715 1706 1654 1691 
a/ Uncorrected; for corrections see Table 4. ‘ of For location at furnace outlet, see Figure 2. 
b/ For test conditions, see Table l. - @/ Data not taken; extrapolated value bes 


_ the furnace, being greatest at the bottom of the outlet and lowest URE TO B&W MHVT BASIS. ASME FURNACE HEAT-ABSORP- 
at the top. The effect of this behavior on the radiation heat a= TESTS. BOILER NO. 3, PADDY'S RUN STATION, LOUIS- 
transfer in the furnace will be considered in a later part of this MHVT 


Observed average 


Detailed distribution data of the type » chown in Figs. 5 and 6 temp., deg F ‘Type E shield Type G shield 
assist in understanding ash deposition and slagging of the screen 1 35 3 
and superheater. The wide spread in temperatures at the furnace 1800 35. ; B 
outle t demonstrate: s the readiness with which excessive tempera 2000 56 
‘tures can exist, even though the mean value is less than some + 2100 . 51 . 62 


assumed safe limit. 
The distribution plots for the other tests are not given, but tT TL te a | 


| 
may readily be constructed from the data in Tables 2 and 3. 
summary of the test conditions and results is presented in Table 5 ‘ =o = Tee 1, | WB per ne and ft2__| 
in which each test is given a reference letter. In Fig. 7 the ob- & SEER 


_ serv ed furnace heat-absorption efficiency has.been plotted against 

_ excess air for the various combinations of the other test variables. 
The furnace heat-absorption efficiency is used in Fig. 7 because 
it is less sensitive than furnace heat absorption to the unavoida- 
_ ble variations in the net heat available in the tests at each par- 
ticular boiler load. Lines have been drawn in Fig. 7 indicating 
the effect of excess air on furnace heat-absorption efficiency, for 
the various settings of the secondary-air vanes at full and three- 
quarters load; and for the various locations and number of 
burners used, at half-load. At full load there are enough experi- 


FURNACE HEAT ABSORPTION EFFICIENCY, PERCENT 


mental points to establish these lines, and, except for points B 5 
and C, tests 15A and 16, respectively, the relationships are quite 40 = aw = 
definite. At three-quarters and half-load, the variations of fur- EXCESS AIR'AT FURNACE OUTLET, PERCENT ‘ ; 


heat-absorption efficiency with excess air can only be in- 7 Furnace Heat-Ansorprion Erricrency aS AFFECTED BY . 
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slopes as the load decreases, in accord with the behavior found in Vane Settings, AND NuMBER AND Location or Burners Usep 1 


3 (O, Eight burnérs, @, four burners; letter designates test, see Table 5;. 
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-TRANSACTIONS OF THE ASME 


From Fig. 7 it. will be noted that* the effect of secondary-air 
vane setting iS quite pronounced at full load; a change in the 
setting from 60 to 40 per cent open at 17 per cent excess air in- 
creases the furnace heat-absorption efficiency from 44.) to 46.8 
per cent. Also, the effect of secondary-air vane setting is con- 
siderably reduced at three-quarters load; a change in the setting 
from 65 to 35 per cent open, at 23 per cent excess air, increases the 
furnace heat-absorption efficiency by only 0.6 per cent! The 
effect at half-load may be presumed to be negligible. Eurther, 
the effect of secondary-air vane setting at full load appears to be 
quite independent of excess air, the change in furnace heat- 


absorption efficiency due to change in secondary-air vane setting 


from 60 to 40 per cent open being 2.7, 2.7, and 2.7 per cent at 17, 
23, and 29 per cent excess air, respectively. Similarly, the effect 
of change of excess air, at constant secondary-air vane opening, 
appears to be independent of the opening of the secondary-air 
vanes. Figs. 8 and 9 are similar plots of thé experimental results 
showing the furnace heat absorption and the average, tempera- 
ture of the furnace-outlet gases, respectively. 
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(O, Eight burners, @, four burners; letter designates test, see Tablé 5; 
number after letter is secondary-air vane opening, per cent.) 
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The rather complicated relationships between thé variables 
cannot be represented simply, and a number of curves are re- 
quired. Fig. 10 shows the effect of net heat available in the fur- 
nace on furnace heat absorption for three different values for the 
excess air at the furnace outlet, all at one setting of the secondary- 
air vanes, 40 per cent open. The curve for 23 per cent excess air 
is drawn with a full line, because all the necessary data are availa- 
ble. The effect of excess air is known only at full loads; there- 
fore the curves for 17 and 29 per cent excess air are drawn with 
dashed lines. 

The upper part of Fig. 10 shows the effect of secondary-air 
vane opening. The corrections to the furnace heat absorption 
for secondary-air vane settings other than 40 per cent open are 


plotted as a function of net heat available in the furnace for. 


secondary-air vane openings of 50 and 60 per cent. Since the 
effect of secondary-air vane openings is independent of excess air, 


* at least at high loads, Fig. 8, only one set of correction curves is 


required. 


The relationships shown in Fig. 10 apply only to operation 
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Fig. 10 Furnace-PerrorMaNnce CHARACTERISTICS 

: 
with eight burners. The effect of operation with four burners is 
shown on the lower part of the plot by the additional points 
representing the results for various combinations of the burners. 

The qualitative relationship of all the variables is best conveyed 
by the isometric three-variable plot-in Fig. 11, which readily 
shows the decrease in furnace heat absorption with increased 
excess air at all loads, the almost linear increase in furnace heat 
absorption with increase in net heat available in the furnace, be- 
tween 47 and 88 kB per hr and ft?, and the-decrease of furnace 
heat, absorption with increase in the opening of the secondary-air 
vanes, this effect being independent of excess air, but increasing 
rapidly with net heat available in the furnace, between 66 and 88 
kB per hr and ft?. * 


CORRELATION oF Test ResuLts 


The correlation of the test conditions and results so far given 
is purely empirical, without reference to the mechanism for heat 
transfer in the furnace. The information presented, though as 
comprehensive as the data on which it is based, nevertheless lacks 
generality because no account has been taken of the fundamental 
processes involved. Because of the complexity of the problem, 
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FURNACE HEAT ABSORPTION, 
kB PER HR AND FT2 


Fic. 11 Turee-VartaBLe REPRESENTATION OF FURNACE-PER- 
FORMANCE CHARACTERISTICS FOR E1GHT-BURNER OPERATION 


progress in fundamental ‘analysis has been slow, and confined 
largely to semiempirical correlations based either on the average 
temperature of the gases at the furnace outlet,’* or on a radiant 
.Mean temperature between the adiabatic temperature and the 
temperature of the gases leaving the furnace. Of these proce- 
dures the first is more convenient, and is applied to the data of 
this investigation in Fig. 12 in which the furnace heat absorption, 
kB per hr and ft*, has been plotted against the fourth power of the 
average temperature of the gases leaving the furnace, deg R; 
the letter and point symbols correspond to Table 5. For compari- 
son, line Z-Z shows the calculated black-body radiation from a 
source at the average temperature of the furnace-outlet gas, to 
the furnace walls at a constant temperature. In view of the 
cleanliness of the furnace walls, the latter temperature has been 
taken as 1050 R. 

It will be seen that the unit heat transfer, based on the heat- 
receiving surface, is considerably less than that of a black body at 
the temperature of the furnace outlet gas, line Z-Z. Expressed in 
terms of an equivalent gray body at the temperature of the fur- 
nace-outlet gases, the heat transfer corresponds to that from a 
source with an emissivity of about 0.7, for the low-load tests and 
decreasing at high loads. It is further evident that if the cor- 
relation had been based on a radiation mean temperature, accord- 
ing to Blizard,® the apparent emissivity of the source would be 
still lower. For one test at high load an approximate value of 
0.28 was calculated for the apparent emissivity of the source on 
this basis. This is in sharp contrast to the high emissivities pre- 
dicted from the work of Sherman’ for flames having the dimen- 

7™“An Investigation of Powdered Coal as Fuel for Power-Plant 
Boilers,” by Henry Kreisinger, John Blizard, C. E. Augustine, and 
B. J. Cross, U. S. Bureau of Mines, Government Printing Office, 
Washington, D. C., Bulletin 223, 1923. 

* “Evaluation of Effective Radiant Heating Surface and Applica- 
tion of the Stefan-Boltzmann Law to Heat Absorption in Boiler Fur- 
naces,”’ by H. F. Mullikin, Trans. ASME, vol. 57, 1935, pp. 517-529. 

***Absorption of Heat by Walls of a Furnace,” by John Blizard, 
ASME Furnace Performance Factors Pamphlet, May, 1944, pp. 79- 
82. Bound with Trans. ASME, vol. 66, 1944. 

‘© “Burning Characteristics of Pulverized Coals and the Radiation 
From Their Flames,"’ by R. A. Sherman, Combustion, vol. 5, December, 
1933, pp. 30-38. ; 
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sions of the subject furnace. As an example, Sherman predicted 
that even after combustion was essentially complete, the gas and 
suspended ash from Illinois coal would have total emissivities of 
0.83 and 0.97 for 12 and 20-ft thicknesses, respectively. 

The source of this discrepancy is found readily. The high- 
temperature gases do not fill the entire furnace volume, and not 
only is the exposed area of the radiation source less than that of 
the heat-receiving surface on which the unit heat transfer is cal- 
culated, but the mean beam lengths for radiation probably are 
considerably Jower than would be calculated from the furnace 
dimensions. The ratio of area of flame to area of wall may be 
estimated as follows: As a first approximation, assuming wall 
emissivity of unity and flame emissivity equal to flame absorp- 
tivity, the net radiation heat transfer from flame to furnace 
walls, Btu per hr, may be written as _ 


Q = — Ty') 
The subscripts F and W denote the flame and furnace wall, 
respectively, and 


q = 


A= 


radiation constant 

area (of envelope for flame; of projected area for wall 
surface) 

radiant mean temperature, abs 

emissivity 


T = 


This equation may be rewritten as 


A 
Q = oA wer T w') 
Aw 


in which the product ey(Apg/Aw) may be considered an apparent 
emissivity of the flame, ep’, calculated from heat transfer per unit 
wall area, Aw. From an assumed value of true mean emissivity 
of the flame, er = 0.9, and a value of 0.28 for ep’ previously cal- 
culated for one of the high-load tests, Ay/Aw may be obtained as 
the ratio of ep’/ex = 0.28/0.9 = 0.31. So low an indicated area 
of the flame, and therefore its volume, must include a significant 
effect of decreased true mean flame emissivity arising from smaller 
mean beam lengths, and the true value of Ap/Aw is undoubt- 
edly somewhat higher than the value of 0.31 calculated. For 
the purposes of the present argument, no further refinement of 
the calculation is warranted. 

Somewhat similar considerations were applied by Mumford 
and Bice" to the analysis of the effect of tilting the burner in a 
tangentially fired furnace previously studied by the committee. 
‘they concluded that multiplication of the observed rates of heat 
transfer for different inclination of the burners by the ratios of 
area of heat-receiving surface to area of flame envelope would 
have brought all the data into line. No estimate was made by 
them of the apparent emissivity of the flame, but the unit heat 
transfer based on the average temperature of the furnace-outlet 
gas was higher in the tangentially fired furnace than in the sub- 
ject furnace, indicating that the apparent emissivities were 
higher. 

This discussion has of necessity been only semiquantitative, 
and has undoubtedly exaggerated the true picture; for instance, 
the flame never achieves the adiabatic temperature. Also, only 
the general level of heat transfer has been considered; interpreta- 
tion of the effect of burner adjustments on heat transfer at con- 
stant load is still required. Se far it can only be concluded that 
the heat transfer in the furnace is considerably less than theoreti- 
cally achievable levels. 

“An Investigation of the Variation of Heat Absorption in a 
Pulverized-Coal-Fired Water-Cooled Steam Boiler Furnace IV—Com- 
parison and Correlation of the Results of Furnace Heat-Absorption 
Investigations,”” by A. R. Mumford and G. W. Bice, Trans. ASME, 
vol. 70. 1948. pp. 601-614. 
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ASME FURNACE HEAT-ABSORPTION TESTS, 
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6 Bxoese air at furnace outlet, per cent 


7 Net hest available in furnace, kB per hr and ft? 


8 Heat absorption in furnace, kB per hr and ft? 


Leat absorption efficiency, per cent 
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10 average temperature of gas at furnace outlet, to, deg Pe 
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HEAT ABSORPTION IN FURNACE, kB PER HR AND FT2 


20 

To, R 

1000 
Fic. 12 Correration or Heat TRANSFER IN FurRNAce WITH 
Fourtu Power or ABSOLUTE TEMPERATURE OF GASES AT FURNACE 


OUTLET 
(O, Eight burners; @, four burners; letter designates test, see. Table 5. 


As preyiously noted, the gases at the furnace outlet display a 
characteristic temperature distribution which has been attributed 
to varying velocities of the respective portions of the gas stream in 
traversing the furnace volume. One of the possible means by 
which the setting of the secondary-air vanes may affect heat 
transfer in the furnace is by changing the velocity-distribution 
patterns in the-furnace. That this probably does not oecur, how- 
ever, is seen from examination of the temperature-distribution 
data. For example, in both tests 18, and 19, 17 per cent excess 
air, and 40 and 60 per cent secondary-air vane openings, respec- 
tively, the average deviation of the temperature of the gases at 
the furnace outlet from their mean is 150 F. Thus if the 
distribution of temperature at the furnace outlet is taken as a 
criterion, the change in burner vane settings does not affect 
appreciably the velocity distribution of the gases in the furnace. 
The effect of secondary-air'vane settings must be sought in the 
delayed combustion which occurs at high secondary-air vane 
openings. Under these conditions heat release is delayed, and 


. thus radiation is decreased, compared to the turbulent bushy 


flame conditions obtained with lower secondary-air vane openings.” 


At the lower burning rates, the temperature and the velocity 


‘of the gas leaving the furnace are more uniform, as would be 


expected, because the total residence time of the gases in the fur- 
nace is greater. Similarly, because the percentage heat absorp- 
tion is greater at low loads, the effect of burner adjustments on 
heat absorption is less prohounced. 

Another factor, which should be considered as affecting the 
temperature distribution at the furnace outlet, is the tendency 
for ash deposits to be heavier on the rear than on the front wall of 
the unit, due to the flame-path characteristics. Thus the in- 


- sulating effect of the ash would produce higher gas temperatures 


along the rear than along the front wall, and any temperature 
gradient at the furnace outlet caused by higher gas -velocity 
along the rear wall, which was discussed previously, would be 
increased further. ‘ 
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COREY, COHEN—FURNACE 

The unique characteristics of each of the different methods of 
firing pulverized coal have long been recognized and need no 
emphasis here. Indeed, they form an essential basis for the 
design of the test program of the Furnace Performance Factors 
Committee. The important fact brought out by the results of 
this investigation is that detailed consideration must be given to 
burner location, flame shape, and volume, and all other factors 
which affect flame radiation, if a rational basis is to be found for 
predicting the heat absorption in boiler.furnaces. The problem is 
tremendously complicated, and special attention must be given 
to these details to obtain basic generalizations. 


SUMMARY AND CONCLUSIONS 


The absorption of heat in the furnace of the Paddy’s Run 
boiler was measured to provide basic performance data and to 
determine the relationship between the rate of heat transfer and 
the observed temperature drop across the furnace-wall tubes. 
The furnace heat absorption was determined as the difference 
between the heat input to the furnac e, corrected for losses, and the 
sensible heat in the furnace-outlet gas obtained from measure- 
ments of the temperature and composition employing techniques 
appropriate. for. furnace testing. The effect on furnace heat 
absorption of load, excess air, burner set ting, and, at low loads, the 
number and location of the 
fifteen tests. 

In all tests, the temperature of the gas at the furnace outlet 
yaried considerably with position, being highest at the bottom 
and lowest at the top, At full load, the spread in temperature 
exceeded 500 F; at lower loads the spread was somewhat less. 


burners, was studied in a series of 


“In contrast, the composition of the gas at the furnace outlet was 


considerably more uniform than the temperature. There was 
little variation of gas composition in any of the tests from the top 
to the bottom of the outlet, but occasionally nonuniform dis- 
tribution from side to side. In such cases the excess air was 
always highest on the left or south side of the furnace. From 
these observations it is concluded that the variations of the 
temperature of the gas with position at the outlet originated from 
variations in the velocity of the gas streams in thefurnace. Visual 
observations of the gas streams uid indicate that the velocity of 
the gas was highest at the bottom of the outlet and decreased to- 
ward the top of the outlet. Because of lack of suitable access. 
no velocity measurements were made to check these observations. 

At full load, the furnace heat-abserption efficiency decreased 
with both increase of ¢xcess air, and opening of the secondary-air 
vane settings. The effect of excess air was independent of the 
secondary-air vane. setting, and the effect of secondary-air vane 
setting was independent of excess air, over the range of the vari- 
ables studied. Thus the furnace heat-absorption efficiency 
decreased about 2.7 per cent for an increase in second: ary-air vane 
opening fronr 40 to 60 per cent, and decreased about 2.8 per cent 
for an increase in excess air from 17 to 29 per cent. The corre- 
sponding changes in the average temperature of the gases leaving 
the furnace were about 75 and 30 F, respectively. 

At three-quarter load, the furnace heat-absorption efficiency 
decreased about 0.6 per cent for an increase in secondary-air vane 
opening from 35 to 65 per cent. The effect of excess air was not 
determined at this load. 

At half-load, only the effect of the number and location of the 


burners was studied. With eight burners, the secondary-air 


vanes had to be set at 30 per cent open for good operation; with 
four burners, the secondary-air vane settings were 50 per cent 
The furnace heat-absorption efficiency was highest when 
was 0.6 per cent lower when the 


open. 
the four lower burners were used; 
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four upper burners were used; 1.9 per cent lower when all eight 
burners were used; and about 0.4 per cent lower when the 2 
upper inner and 2 lower outer burners were used. The 
over-all variation in the average temperature of the gases leav- 
ing the furnace for the four combinations of burners was about 
75 F. 

For otherwise constant conditions, furnace heat absorption in- 
creases and furnace heat-absorption efficiency decreases as the 
heat available in the furnace increases. With eight burners, 40 
per cent secondary-air vane opening and 23 per cent excess air, the’ 
heat absorption increases almost linearly from about 24 kB per hr 
and sq ft, at 47 kB per hr and sq ft heat available, to about 40 kB 
per hr and sq ft at 88 kB per hr and sq ft heat available in the 
furnace. The corresponding furnace heat-absorption efficiencies 
are approximately 52 and 45 per cent, respectively. The corre- 
sponding average temperatures of the gases leaving the furnace 
were 1755 and 2020 F, respectively. 

At low load, the heat transfer in the furnace corresponded to 
that by radiation from a body having the area of the heat-receiv- 
ing surface, the average temperature of the furnace-outlet gas, 
and an emissivity of 0.67. At higher loads, the apparent emis- 
sivity decreased. Analysis of the test results indicates that the 
area of the envelope of hot gases in the furnace must be con- 
siderably less than that of the heat-receiving surfaces. A ratio 
of 0.31, which is probably somewhat low, was calculated for full- 
load conditions, on the assumption that the coal is burned instan- 
taneously. This, however, is evidently not the case. Indeed, 
the effect of burner secondary-air vane settings on furnace heat 
absorption can best be interpreted in terms of the effect on the 
rate of combustion of the coal.- 

This investigation has provided detailed knowledge of the 
properties of the gas leaving the furnace, and of furnace perform- 
ance for a wide range of significant operating variables. Al- 
though the heat-transfer process in the furnace has not been 
evaluated quantitatively, a beginning has been made toward 
better understanding of this basic aspect of the problem of fur- 
nace performance. 
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Furnace Heat Absorpti 


on in Paddy’s Run 


Using Turbulent Burners, Louisville, Ky. 


Part II]. Comparison and Correlation of the Results 
of Furnace Heat-Absorption Investigation 


By H. H. HEMENWAY' ano R. I. 


In this paper, the results of the two companion papers 
(Parts I’ and II‘) are compared. Some of the possible 
sources of error are noted. Slightly revised calculated 
results are obtained by taking weighted averages of the 
data. The revised results are examined to determine 
which tests are the most dependable. An equation show- 
ing the relationship between furnace exit-gas temperature 
and furnace heat-absorption rate for a fixed burner ad- 
justment is developed. From the revised results the ef- 
fect of various factors on furnace performance is shown. 


INTRODUCTION 


HIS is the third of three papers presenting the results of 
investigations of furnace performance in the pulverized- 
coal-fired boiler No. 3 at Paddy’s Run. These investiga- 
tions were conducted under the sponsorship of the ASME Special 
Research Committee on Furnace Performance Factors. The 
first paper, Part I,* of this series presents results and analyses 
of the data obtained by measuring the furnace face temperatures 
of waterwall tubes. The second paper, Part II,‘ of this series 
. presents the results and analyses of the data obtained by meas- 
uring the temperature and composition of the gas leaving the 
furnace and entering the slag screen. This paper deals with the 
comparison and correlation of the data presented in the first two 
papers. : 

Part I and Part II adequately describe the arrangement and 
dimensions of the furnace tested, the methods of testing, the 
methods of calculation, and the results obtained by each method 
of testing. By means of the two methods of testing, which will 
be referred to herein as the A7T-method and the heat-balance 
method, the average heat-absorption rate expressed as MKB/- 
(hr) for each test was determined. In Fig. 1, which is a copy 

of Fig. 21 of Part I, the results obtained by both methods of 


1 Executive Assistant, Foster Wheeler Corporation. Jun. ASME. 

2 Assistant to the Manager, Servicé Department, Foster Wheeler 
Corporation. Mem. ASME. 

3 “Part I—Variation in Heat Absorption Shown by Measurement 


of Surface Temperature of Exposed Side of Furnace Tubes,” by R. I.” 


Wheater and M. H. Howard, published in this issue of the Transac- 
tions, pp. 893-923. i 

“Part Il—Furnace Heat-Absorption Efficiency as Shown by the 
Temperatures and Composition of the Gases Leaving the Furnace,” 
by R. C. Corey and Paul Cohen, published in this issue of the Trans- 
actions, pp. 925-935. 

Contributed by the Research Committee on Furnace Performance 
Factors, and the Fuels, Power, and Heat Transfer Divisions and pre- 
sented at the Annual Meeting, New York, N. Y., November 27—De- 
cember 2, 1949, of Tue AmeRICAN Society OF MECHANICAL ENGI- 
NEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not,those of 
the Society. Paper No. 49—A-117. 5 
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(Number designates test.) 


testing are compared, and an examination of this figure shows that 
except for a few of the full-load tests, the 45-deg equality line 
falls fairly well within the pattern of test points. 

The heat-absorption rate per unit of furnace radiant projected 
area determined from the heat balance, divided by the average 
temperature difference between the furnace-tube face and satu- 
rated water temperature, A7’, yields the average over-all heat- 
transfer coefficient U,. In Fig. 2 U, is plotted against AT. 
This figure shows that the average over-all heat-transfer co- 
efficient of 1060 Btu/(hr) (F) (sq ft of projected area), which was 
assumed in Part I in the calculation of furnace heat absorption 
by the A7-method, does not differ greatly from the values ob- 


jained from the heat balance. 


Tue AT-Metruop 


Some Sources of Error. The principal sources of error in the 


AT-method which are considered here are as follows: | a 
-(a) Errors in measurement. 

(b) Errors in averaging. 

(c) Errors in the assumptions. 


Errors in measurement include the errors in the instruments 
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which were used in the tests. In addition, they include er- 
rors which may have been introduced in the temperature measure- 
ments of the front fare of the wall tubes by the fact that the 
thermocouple shield probably served as a shelf for ash deposit 
and the resulting insulating or shading effect caused the tem- 
perature of the couple to be lower than the temperature of the 
wall of the tube remote from the shield. 

In Part I the average over-all AJ was assumed to be the 
arithmetic average of the A7-values for each live furnace-face 
thermocouple. Eight of the 128 thermocouples were dead and 
hence were not included in the averaging. The thermocouples — 
could not be installed at uniform intervals, and none was in- 
stalled on the rear wall roof or the slag sereen. Thus there are 


. reasons to suppose that the use of simple arithmetic averaging 


introduced some error in the results. In addition, since only 
one set of readings was taken during each 30-min period, the 
average value over this period may have differed slightly from the 
single value recorded owing to the small variations caused by 
operation with automatic controls. 

In making the calculations it was assumed that the average 
tube-wall thickness at the thermocouple was 0.238 in., that 
the tube-wall conductivity was 348 (Btu) (in.)/(sq ft) (hr) (F),and 
that the heat-transfer coefficient from the tube to the water and 
steam mixture in the tube had a constant value of 5900 Btu/(hr) 
(F) (sq ft of inner surface of tube). The first two assumptions 
are probably tolerably accurate, but the third is subject to con- 
siderable error. It was assumed also that the heat transferred 
to the walls of the furnace as a whole was equal to the calculated 
unit rate’ of heat absorption multiplied by the projected area of 
the furnace walls. Since the walls do not have plane surfaces, 
this assumption, while approximate, is not exact. 

In spite of all the possible errors which may have crept into 
the estimates of the heat absorption calculated by the AT7- 
method, nevertheless the average error could not have been great 
because of the close agreement of the results obtained by this 
method and the heat-balance method. 

“Measurement of Saturation Temperature. It was originally 
assumed that the average temperature of the mixture of boiling 
water and steam in the tubes of all walls and at all elevations 
might be represented by the saturation temperature corre- 
sponding to the drum pressure. It was noted in analyzing the 
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results that the temperature measured by the thermocouples. 
peened to the backs of four rear waterwall tubes just above the 
hopper at elevation 463 ft did not check fhe temperature obtained 
from drum pressure readings. A review of the data indicates that 
the average pressure drop from the drum’ to the superheater 
outlet based on gage readings is as follows: 


Evaporation (a) , (b) & 10,000 


Pressure, drop 


1000 Ib of steam per hr (b), psi . (a)? 
625. 77 1.97 
4160 25 1.18 
330 29 , 2 66 


From this table it is obvious that one or both pressure gages 
areinerror, A change of 25 psi represents A change of 3.23 deg F 
in saturation temperature at a pressure of 950 psig. Hence a 
25-psi error in pressure-gage measurement introduces in the 
AT-method an error of about 10 per cent in the calculated rate 
of heat absorption af full load, and of about 14 per cent at half 
load. With regard to the back-face thermocouple temperature 
measurements, differences as great as 7 F were measured be- 
tween adjacent tubes in one round of measurements. Thus, 
while the averaging of all readings may have eliminated most of 
of the error, some error probably still exists. After some con- 
sideration it was decided by the authors of-Part I to use the ther- 
mocouple measurements to determine saturation temperature. 

The assumption that saturation temperature is constant for 
all elevations is inexact, however, since the pressure and hence 
the saturation temperature is higher at the lower levels aad lower 
at- the upper levels of the furnace. Since the fluid along the 
length of the furnace tubes consists of saturated water and steam 
in varying proportions, it is necessary to know something about 
the circulation characteristics of the unit in order to determine 
the change in pressure with change in ‘elevation. Circulation 
tests run in September, 1948, indicated that there was no material. 
change in-the total weight flow rate of water in the furnace tubes 
between half load and-full load. From circulation calculations 
it was estimated that for all tests the saturation temperature 
was approximately 0.4 F higher in the hopper tubes at the 
lowest thermocouple elevation, and about 1.7 F lower in 
the roof tubes ut the highest thermocouple location than in th 
tubes at the 463-ft elevation. The over-all correction was cal- 
culated to be plus 0.7 F. y : 
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Weighted-Average Values of AT. A sketch of the development 
of the furnace walls showing the location of thermocouples is 
found in Fig. 3. The dead thermocouples are underlined. The 
furnace is divided into several areas from A to Q, inclusive. 
The average AT’ for each area is the average of the AT-averages 
of the rows in the area. The sum of the products of each area 
by the average AT’ of the area, divided by the total area in which 
the thermocouples were installed, yields a weighted average AT’. 
The weighted average AT-values thus calculated, including the 
+0.7 F correction mentioned, are tabulated in column 10 of 
Table 1 

As previously stated, thermocouples were not installed on the 
inclined rear-wall roof (K), or on the slag screen (I and J). 
After examination of the data it was thought reasonable to 
assume that, (1) the average AT’ due to radiation only in the 
upper screen (I) was equal to the average AT' of roof (A); (2) 
the average AT in lower slag screen (J) due to radiation only was 
equal to the average AT’ of the front wall at elevation 525 ft; 
and (3) the average AT’ of the rear-wall roof (K) was equal to the 
average AT’ for the other three walls at elevation 511 ft. Apply- 
ing these values of AT’ to areas (I), (J), and (K), the weighted 
average AT’ for each .test for all furnace areas was calculated. 
The results, including the +0.7 F correction, are tabulated in col- 
umn 11 of Table 1 

In column 12 of Table 1 is tabulated the difference between 
the final weighted average AT’ and the average AT taken from 
Part I for each test. While the differences are within the proba- 
ble error of the tests and might be neglected, the weighted- 


* ELEVATION 


540 
_ROOF 
7-9 7-10 T-ti 7-12 7-13 7-14 


5304 


6-19 6-20 62! 7-1 7-2 
— 


/ \ 
\ 


FURNACE HEAT ABSORPTION IN STEAM GENERATOR, 


S4i 5-12 513 5-14 5-15 


\ 
4-9 440 4-1! 


27 28 


RIGHT 


CENTERLINE THERMOCOUPL' 
+ DEAD THERMOCOUPLES UNDERLINED 


Fre. 3 Drviston or Furnace Watts Intro Areas ror CompuTinc WeIGHTED AVERAGE VALUES oF AT 


LOUISVILLE, KY. 939 


average values of A7’ should be more accurate and will be used 
hereafter in this paper. 


Heat-Bacance MetTuop 


Some Sources of Error. Part II describes the methods of test 
and calculation of the heat-balance data. That paper notes that 
measurements of gas flow and direction were not taken and 
that the average gas temperature and gas composition for each 
test were calculated from simple numerical averages of the mea- 
surements with appropriate corrections. A possible small source 
of error lies in the air-heater heat balance, in which it was assumed 
that for all tests the air leakage into the gas was equal to 5 per 
cent by weight of the gas entering the air heater. Probably the 
greatest source.of error outside of the possible error in the correc- 
tions to the thermocouple measurements lies in the fact that only 
one traverse of the gases leaving the furnace could be made on 
each test. In this connection it should be noted that at full load 
the spread of temperature of the gas leaving the furnace was over 
500 F. However, the gas composition was quite uniform, the de- 
viation in per cent excess air rarely exceeding 10 per cent. 

Weighted-Average Values of Furnace Exit-Gas Temperature. 
The sampling doors used for gas-temperature and gas-analysis 
measurements are not uniformly spaced across the boiler. For 
this reason simple numerical averages of the measurements 
where the spread is large may lead to error in the results. A 
method of obtaining a weighted-average furnace exit-gas tem- 
perature is shown in Fig. 4 in which isothermal lines of gas 
‘temperature for test No. 15A are drawn. Note that sampling 
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TABLE | SUMMARY OF CONDITIONS AND RESULTS BY A47-METHOD 
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doors A and F are relatively close to the side walls where the 
gas temperatures are lower on the average than the temperatures 
closer to the center of the furnace. 

The’ furnace outlet is divided into 3 vertical strips (R), (8), 
and (T). Center strip (S) contains temperature measurements 
taken through sampling doors (B), (C), (D), and (E) which are uni- 
formly spaced. The width of strip (S) equals 4 times the uni- 
form door spacing. Side strips (R) and (T) are equal in width. 
The center-line temperatures of strips (R) and (T) were deter- 
mined by making an isothermal map for each test and by inter- 
polating between the isothermals. 

The sum of the average strip temperatures, each of which was 
multiplied by the ratio of the respective strip area to the total, 
yielded a weighted-average furnace exit-gas temperature. How- 
ever, the calculated weighted-average temperatures vary only 5 
F to 15 F from the temperatures obtained by simple arithme- 
tic averaging in Part II. Values of furnace exit-gas tempera- 
ture obtained by both methods of averaging, as well as the, 
differences, are given in Table 2. While there are many other 
methods of averaging, the method just described was used, since 
it corrects for the lower gas temperatures measured near the 
walls but places a minimum of reliance on values which do not 
represent actual measurements. 

Comparison of Furnace Exit-Gas-Temperature Data With Other 
Data. Inspection of furnace exit-gas-temperature data, as com- 


ELEVATION FROM MIO-PLANE OF FURNACE OUTLET-FEET 


SAMPLING DOOR 
TEST NoISA 
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AveraGe Furnace Exit-Gas Temperature, Test No. 15A 


pared ‘to other test data, indicates that there may be relatively 
large errors in the values of average gas temperatures of a few 
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rABLE 2) SUMMARY OF HEAT-BALANCE DATA WITH CORRECTIONS 


} 2 3 y 5 6 ? 8 
Heat Purnace Average Welghted Correction Corrected Corrected 
rT « Absorption Heat Ab- Purnace Average to Purnace Heat Ab- Furnace 
g in Poraace sorption Exit Ten- Furnace Exit Ges sorption Neat Ab- 
from Part Efficiency perature Exit Gas Tenpera- in Purnace sorption 
> _¢f Il from Part from Part Tempera- ture from Gas Efticten- 
KB/(hr)(F) Il It ture or Ten pera- ey from 
Test (sq. ft.) Percent or oF ture in Column 7 
Column § Pereent 
KB/(hr)(F) 


(sq. ft.) 


“5.4 2020 2030 +20 ko, | 
2070 2085 +15 
43:9 2045 2050 § 38.7 43.8 
2055 2065 +10 34.8 43.8 
46.8 2045 2055 +10 40.5 
2120. 2130 +10 37.5 
1 38.9 43.7 2015 2020 + 5 38.7 43.5 
2 36.4 41.1 2095 2110 +15 46.0 40.7 
aM 32.3 49,1 1885 1890 + § 32.2 48.9 
5 31.9 1900 1905 31.8 
31.7 47.9 1890 1905 +15 
2 25.1 - $2.2 1755 1765 +10 26.9 51.9 
2 25.1 53.4 1740 1750 #10 25.0 53.1 
29 25.5 54.1 1690 1695 + 5 25.4 54.0 
30 25.4 53.7 1730 1740 +10 25.2 5.4 


O-ITMEXCESS AIR AIR -SOMEXCESS AIR constant gas temperature for three rates of excess air, namely, 


300 17, 25, and 30 percent, From these calculations the slope of and 
, ‘a Qe spacing between the lines drawn in Fig. 5 were determined. It 
was assumed that the per cent excess-air line through 
the point for test No, 21. We may draw the tentative conclusion 
© 2 p that values of gas temperature appear high for tests Nos. L5A 
~ a ae and 19, and low for test No. 16, 
© Lo " wo7) Another method of analysis is to make plots of furnace exit- 
260 < gas temperature against per cent excess air at constant secondary - 
4 a ‘ 3» air vane position, and also against secondary-air vane position 
z ea -+—? of at constant excess air, These plots are shown in Figs. 6 and 7 
ove and corroborate the tentative conclusion drawn from Fig. 5 
z -7 i . . except for test No. 19. A check of AT’ and heat-balance data 
2 cbs indicates that at 17 per cent excess air, an increase in the second- 
? ae - 8 ary-air vane position from 40 per cent (test No. 18) to 60° per 
260 - cent (test No. 19) results in reduced heat absorption the 
< Le- furnace and in a higher exit-gas temperature, It appears that 
% 4 the observed position of the condenser control valve for teat No. 
‘= 10 may have been an error 
~ 2025 2050 2075 2100 2125 2150 Relationship of Furnace Erit-Gas Temperature to Furnace Heat- 
EXIT GAS TEMP FROM FURNACE — °F "Absorption Rate. In predicting furnace performance, designers 


depend upon empirical data to calculate the rate of furnace heat 


Fic. 5 Comparison or Surperneater Heat Duty anp Furnace 
~ Eexit-Gas Temperature, Deo F, ar Fun. Loap absorption and the corresponding furnace exit-gas temperature 


(Number designates test.) In Fig. 8 are plotted values of furnace heat-absorption rate per 


square foot of furnace projected ares against average absolute 


of the full-load tests. Several means are available to determine 
for which tests the temperature data appear to be the least 
reliable. One method of analysis is to compare gas temperature 
with convection-superheater duty at constant load and constant ( 
excess air. In Part I the necessary data for determining super- Q@ec ) ) 
heater duty is given except for the heat given up by the con- 

densation of saturated steam in the inlet-superheater header to | where 


furnace exit-gas temperature to the 4th power 


The straight line drawn in Fig. 8 represents the equation 


1000 1000 


the condenser coils provided to maintain a constant final steam 
temperature. The rate of flow of water through the condense? 


Q = furnace heat-absorption rate, Btu/(hr) (sq ft of pro- 
jected area) 


coils was determined from a calibration curve of the conden- C = const = 1060 
ser control v alve rom the flow rate and rved average furnace exit-gas temperature, deg 
; temperature rise, the heat transferred in the inlet-superheater T, = average furnace tube-wall temperature, assumed to be 


header was estimated. Calculated superheater duty for the 
full-load tests is plotted against weighted-average furnace exit- 
gas temperature in Fig. 5. Note that this line passes through those points for which the 


1040 deg R 


Full-load-performance calculations were made of the rate of — secondary-air vane position was approximately 40 per cent 
change of superheater duty with change in furnace exit-gas (neglecting test No. 15A), that those points representing teats 
temperature at constant excess air, and of superheater duty at having a secondary-air vane position of 50 per cent fall below 
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(First number designates test; second number designates per cent excess 
air.) 


the line, and those that represent tests having a secondary-air 
vane position of 60 per cent fall off even farther below the line. 
Fig. 8 shows that for eight-burner operation with the burner 
secondary-air vanes set for maximum heat-absorption efficiency 
(40 per cent open), the furnace heat-absorption rate is related 
to furnace exit-gas temperature by the foregoing equation. It 
follows that for the operating conditions given, if the furnace 
heat input and excess air at the furnace outlet are known, the 
heat-absorption rate and exit-gas temperature from the furnace 
may be calculated. For four-burner operation, particularly 
when the lower row of burners is fired (test No. 29) the value of 
C in the equation is greater, and may be as high as 1240. Where 
the vane position is 50 or 60 per cent open, the equation holds 
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toierably well at three-quarters load but at full load the value of 
C drops off‘to approximately 980 and 850, respec ely. 
CoRRELATION OF AT’ AND Heat-BaLaNce Data 
In Fig. 9 furnace heat-absorption efficiency, calculated by the 
AT and heat-balance methods is plotted against excess air for 
the full-load tests. Note that the points for tests Nos. 15A 
and 16 are not in agreement with the other data, and also that 
the furnace heat-absorption efficiency, calculated by the AT- 
method for test No. 17 appears to be out of line. In Fig. 10 
furnace heat-absorption efficiency, calculated by both methods, 
is plotted against secondary-air vane position for the full-load 
tests. Again, notice that the points for the tests previously 
mentioned are not in agreement. 
It had previously been found that furnace exit-gas-temperature 


- measurements for test Nos. 15A and 16 seemed less reliable 


than for the other full-load tests. It now appears that the 

AT-data for these tests are also less reliable and by a greater 

margin. The maximum deviation from the lines drawn in Figs. 

9 and 10 is about 10 per cent for the AT-data (test No. 16) and 
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about 3 per cent for the heat-balance data (test No. 16). These 
values are by no means excessive and indicate that reasonably 
accurate results of furnace performance may be obtained by 
either method of testing. 

From Figs. 9 and 10 it appears: 

1 That the furnace heat-absorption efficiency decreases as 
excess air is increased at constant secondary-air vane position. 

2 That the furnace heat-absorption efficiency decreases as the 
seeondary-air vanes are opened at constant excess air. 

Statement (1) confirms past observations of the performance of 
radiant superheaters which give a lower steam temperature as 
the excess air is increased. Statement (2) applies to the adjust- 


ment of the burners used on the Paddy’s Run boiler and shows 
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that by means of burner adjustment, the heat absorption in the 
furnace may be varied. . 

In Fig. 11 the values of heat absorption obtained by both 
methods are compared. On the whole, the data appear to be in 
excellent agreement as do the data in Fig. 12 in which U,, the 
over-all average heat-transfer coefficient, is plotted against AT’. 
If runs Nos. 15A, 16, and 17 are neglected, Fig. 12 shows that 
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a fair average value of U, for all runs would lie between 1030 
and 1050 Btu/(hr) (F) (sq ft of projected area). P 

In Fig. 13 the furnace heat-absorption rate is plotted against 
the net heat available in the furnace above 80 F for the tests in 
which the secondary-air vanes were 40 per cent open. In Fig. 14 
furnace heat-absorption efficiency is plotted against the heat 
available for the same tests. Only one curve is drawn in each 
figure showing the heat absorption at 25 per cent excess air, since 
only single points are available for 17 and 30 per cent excess 
air. It has been shown that at full load, the heat-absorption 
efficiencies decreased on opening the secondary-air vanes. At 
three-quarters load, maximum heat-absorption efficiency was 
obtained at a setting of 35 per cent open. At one-half load only 
one test was run with 8 burners and that with a vane position of 
30 per cent open. 


CONCLUSIONS 
The following conclusions have been reached in this study. 
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1 With care in testing, furnace performance may be deter- 
mined by either the heat-balance nrethod or by the A7-method 
with a fair degree of accuracy. 

2 The over-all average heat-transfer coefficient U,, through 
the tube wall and inside tube film was 1030 to 1050 Btu/(hr) 
(F) (sq ft projected area). From this, the calculated film co- 
efficient is 5500 Btu/(hr) (F) (sq ft of inside tube-wall surface). 

3 For eight-burner operation with secondary-air vanes 40 
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per cent open, the average furnace heat-absorption rate Q, the 
average furnace exit-gas temperature 7,, and the average furnace 
tube-face temperature 7’, are related as follows 


4 In general, the conclusions of Part I and Part IT, with some 
slight modifications to the calculated results found in Tables 1 and 
2 of this paper are valid. - . 
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lished in this issue of the Transactions as Parts I,' II,? and 
III,* under the subject title. 

OLLIson CraiG.* The tests made on the boiler at Paddy’s Run 
Station determine heat absorption by radiation in the furnace 
walls by measurement of gases leaving the furnace and not by 
measuring the temperatures of the boiler tubes in the furnace, as 
was done on a test at Tidd Station. The method used at Paddy’s 
Run no doubt gives determination of heat absorption by radiation 
in the furnace more accurately. With two exceptions the average 
of measured temperatures leaving the furnace checks reasonably 
close with temperatures calculated from Orrok’s modified formula. 
One of these exceptions is test No. 29 and is accounted for by the 
fact that the lower burners were used at the light load. The 
other exception is test No. 22, and there is no apparent explana- 
tion. 

The distribution of temperature as indicated in Fig. 5 explains, 
as pointed out in the paper,? why, in practice, slag troubles are 
encountered even though the average temperature of the gases is 
below the slagging temperature of the ash. Due to the way in 
which the gases approach and flow to and through the furnace 
exit, the temperature of the gases at the lower part of the exit are 
some 300 deg higher than the average gas temperatures. An ex- 
planation is given in the paper to the effect that this is because of 
the difference in velocity of exit at the top and bottom of the exit 
openings. Actually, it would seem that those gases which leave 
at the top of the exit opening may have been in the entire furnace 
for a longer period of time and on the average may have radiated 
heat to furnace water tubes from a shorter distance than was the 
case with most of the gases which entered at’ the bottom of the 
furnace exit. In addition, there has been a greater distance and a 
greater time interval between the point at which combustion was 
completed in the furnace and the top point of exit of the 
gases than would be the case with the bottom point of furnace 
exit. 

Slag formation at a furnace exit can be materially different with 
the same amount of coal burned with the same excess air in the 
same furnace, depending upon the point at which combustion is 
completed. This is a fact well known in stoker operation and is 
one of the reasons for using overfire jets in stoker operation. 


"Liew following discussion applies to the three papers pub- 


A knowledge of heat absorption in a furnace envelope is neces- 
sary because, (1) it is necessary to have the gases leave under such 
temperature conditions that slag will not be formed in the gas 
passes of the boiler and in the superheater region; (2) the tem- 
perature of the gases entering the superheater region must be 
known, in order to determine the design of the superheater. The 


1 Part I—“Variation in Heat Absorption as Shown by Measure- 
ment of Surface Temperature of Exposed Side of Furnace Tubes,” by 
Rk. I. Wheater and M. H. Howard, pp. 893-923. 

? Part II—+**Furnace Heat-Absorption Efficiency as Shown by the 
Temperature and Composition of Gases Leaving the Furnace,”’ by 
R. C. Corey and Paul Cohen, pp. 925-935. 

* Part I1I--*‘Comparison and Correlation of the Results of Furnace 
Heat-Absorption Investigation,”’ by H. H. Hemenway and R. I. 
Wheater, pp. 037-944. 

* Vice-President, Riley Stoker Corporation, Worcester, Mass. Fel- 


ption in Paddy’s 


Discussion 


results of the tests at Paddy’s Run are excellent from both of these 
viewpoints. Similar information is desirable with other methods 
of burning fuels and also with other fuels than coal. The results 
which are obtained with other methods of firing and with other 
fuels are surprisingly different. 


F. G. The authors':?-* have made an excellent presenta- 
tion of test data dealing with a subject which involves many com- 
plexities. It is encouraging to find that their correlations are com- 
paratively good, which may in part be attributed to improved 
techniques of traversing and to the circumstance that ash de- 
posits on the furnace-wall surfaces remained generally consistent 
on comparative tests. 

For critical appraisal of the data, the authors have made use of 
the superheater as a calorimeter, and from its indications find 
justification for considering tests Nos. 15-A and 16 less reliable 
than the other tests, 

This procedure of cross-checking results by study of the per- 
formance of component equipment seems very proper and de- 
sirable and extends the facilities of testing beyond the limitations 
of the A7-method and the heat-balance method. 

In this design of unit, the furnace boundary itself comprises the 
major portion of the steam-generating surface, and it is possible 
to draw a further comparison by calculating the steam-generating 
duty from enthalpy of saturation, feedwater leaving economizer, 
and metered steam output. In Fig. 1, herewith, the test points of 
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furnace heat absorption by the heat-balance method are plotted 
as percentages of total generation and are shown to range from 
74 to 86 per cent, depending upon load and operating conditions. 

If it be assumed that the proportioning between furnace and 
convection bank is a function of excess air alone, the results for 
tests Nos. 19 and 21 are cast in doubt, and the influence of burner 
vane position is minimized. If, however, the influence of the 


* Research Engineer, Research and Development Department, 
Babcock & Wilcox Company, Alliance, Ohio. Mem.ASME. © 
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he 
burner vanes is considered primary, some question would exist for 
the relationship of tests Nos. 15, 16, and 17. 

Discrepancies of this order may lie in the inherent errors of tem- 
perature measurement by traverse, or in the variations caused by 
ash deposit on the furnace walls. On the latter point it is recom- 
mended that the S-A factors as developed by Mumford and Bice® 
be applied to observed furnace conditions to note their effect in 
correlation of the test points. 

It is further recommended that for future programs of furnave 
testing, more emphasis be placed on obtaining check or repeated 
tests, to give statistical weight to the averaged results, and to dis- 
close the range of performance that may occur in day-to-day 
‘operation of the equipment. 

H. F. Mucurkin.?- MHVT furnace outlet-gas temperatures, as 
obtained by Messrs. Corey and Cohen? appear low to the writer. 
The temperatures of 2060 F at a furnace heat-available ‘rate of 
95,000 Btu ‘(sq ft)(hr) and 1730 F at a furnace heat-available rate 
of 50,000 Btu/(sq ft)(hr), as given in Fig. 9 of the paper, are 
about 190 deg F and 130 deg F below values that would be ex- 
pected, according to the writer’s experience.’ Is it possible that 
the special design HVT thermocouples read low during the test? 
Platinum thermocouples tend to lose calibration rapidly. Were 
they checked before and after every test? Was difficulty ex- 
perienced with ash plugging toward the end of a run? 

The authors are té be complimented on the completeness of the 
test procedure. ‘ 


A. A. OrntnG.? The statement by the authors of Part I,! that 
it is impossible to measure flame shape, merits further considera- 
tion. The inference probably intended was that flame shape is 
not a readily measurable quantity, while secondary-air vane open- 
ing and burner-box pressure, factors which determine flame con- 
figuration in the furnace considered, are quantities subjéct to 
measure and control. It should not be inferred that flame shape 
is incapable of estimation. The objective of the furnace-perform- 
ance: tests, to relate furnace heat absorption and its distribution 
in the furnace to furnace geometry and operating variables, 
scarcely can be accomplished without some estimate of flame con- 
figuration as the intermediate between operating conditions and 
heat transfer. . 

Since the flame originated at the burners and followed some 


systematic path toward the furnace outlet, the A7-contours at’ 


any level should have relation to those at other levels. The preva- 
lence of ash deposits on the back wall opposite the burners 
accounts for low heat transfer to that surface, although it proba- 
bly was blanketed by the most intense flame within the furnace. 
The flame became less intense or occupied a smaller cross-sec- 
tional area at higher levels in the furnace. The gas temperatures 
and compositions reported in Part II? indicate two flame cores 
entered the furnace outlet. The A7-contours suggest only one 
radiant core except near the front wall just below the furnace out- 
let. 

The rotation imparted at each of the eight burners was of such 
a sense as to create a pattern of eight eddies across the furnace. 
However, they probably degenerated into two eddies which best 
filled the rectangular cross section, and each contained a maxi- 


§ Part IV—‘‘An Investigation of the Variation in Heat Absorption 
in a Pulverized-Coal-Fired Water-Cooled Stedm-Boiler Furnace,”’ by 
A. R. Mumford and G. W. Bice, Trans. ASME, vol. 70, 1948, p. 601. 

7 Head, Department of Mechanical Engineering, Montana State 
College, Bozeman, Mont. Mem. ASME. F 2 

“Determining "Furnace Heat Transfer by Gas Temperature 
Measurement,”’ by H. F. Mullikin, Power Generation, vol. 52, August, 
1948, pp. 68-71, 116-122, Figs. 5 and 9. 

*Coal Research Laboratory, Carnegie Institute of Technology, 
Pittsburgh, Pa. Mem. ASME. 
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mum of radiant intensity. Placed near the center of the furnac 
the two centersof maximum intensity would not be reflected in t 
AT-contours. However, the sloping back forced the flame again 
the front wall so that the two maxima appeared on the front w: 
just below the furnace outlet. Flame sweeping near the frot 
wall would account for the third maximum generadly appearing in 
Figs. 22-28, inclusive, of Part I.!' It would be interesting to know 
whether visual observation suggested two flame’ cores sweeping 
near the front wall at that level. > : 
The AT data are missing’ for some points indicated on the 


- thermocouple-location identification diagram. Had the corre- 


sponding couples completely failed? Other couples appear to be 
faulty. The AT7’s reported for positions 6-14 and 7-10 are gen- 
erally high under all operating conditions. . What criteria were 
used to determine that a given couple was faulty? 


L. B. The three papers! presenting the test 
data and analytical report’ on the Paddy’s Run boiler offer 
another set of complete information of interest and use to the 
boiler-furnace designer and user. The data appear to be well 
taken and have benefited from some improvement in instrumenta- 
tion and technique since the Tidd boiler tests of several years ago. 
Favorable furnace-outlet location and profile, together with im- 
proved instrumentation, indicate that the gas-temperature and 
composition data should be most reliable. 

A study of the furnace tube AT isotherms in Part I' indicates 
that the rather compact bunching of all burners in one wall is not 
conducive to uniform and effective heat transfer to the furnace 
walls. The front; or burner wall, shows only moderate absorption 
rates probably because the flame is traveling away from the wall, 
and the wall is partially screened by the cold layer of coal and air 


leaving the burners. The side walls show fairly good absorption, 


rates, due to greater exposure to active flame, and a beneficial 
sweeping action of the flame without much slag deposition. How- 
ever, these walls have less area than the front and rear so that their 
effect is thereby minimized. The rear wall, which should-benefit 
most by virtue of its position opposite the burners, suffers some- 
what from slag deposition by flame impact in the middle zone, al- 
though the hopper slope performs remarkably well. The upper 
portion of the entire furnace appears to suffer from lack of prox- 
imity and direct exposure to active flame. 

All in all, it would appear that burner position, furnace shape, 
or both could well be changed to achieve more effective heat ab- 
sorption throughout much of the furnace. The physical and 
operating convenience of grouping all burners in one wall at the 
main operating level must be weighed against the evident un- 
favorable flame pattern produced in a conventional furnace. 

The uniformity of gas composition at the furnace outlet, as 
brought out in Part II,? is testimony of good coal and air distribu- 
tion and combustion. The indicated effects of changing burner 
vane positions are interesting but not as pronounced as might be 
hoped for. It is possible that thé extremely high pulverized-coal 
fineness for all tests acts to minimize the effects of vane position, 
and it would be interesting to determine whether the effects are 
greater with coal of normal fineness, say, 70 per cent through 200 
mesh. Correspondingly, the present tests show virtually no car- 
bon loss whereas vane manipulation with lower fineness ‘and lower 
volatile fuels might encounter high carbon losses as a consequence, 


C.iosure BY R. I. WHEATER AND M. H. Howarp 


We agree with Mr. Ely that it would be advisable to verify 
the furnace-performance characteristics by incorporating addi- 
tional check tests in future programs of this nature. Considera- 


1 Engineer, Mechanical Engineering Division, American Gas & 
Electric Service Corpvration, New York, N.Y. Mem. ASME. 
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tion should be given to reducing the duration of each test, which 
would permit running more cheék tests and reduce the volume of 
data to be analyzed. This would also hold operating variables to 
a minimum. 

Dr. Orning is correct in emphasizing that it is not impossible 
to measure flame shape. However, due to the difficulties in- 
volved in accurately measuring flame shape and duplicating it 
under various test conditions, burner settings, which could be 
duplicated and do control flame shape, were used as a reference. 

The relation of the AT’ contours at various levels is not only 
affected by the ash accumulations on the rear wall but it is also 
affected by eddies in the flow path and by shielding of the emitting 
body. While some of the A7’ contours indicate two radiant cores 
existing in the upper part of the furnace, they were not visible 
through the available doors and no flames existed at this eleva- 
tion. 

On several occasions prior to the tests, the thermocouples were 
checked as the unit was taken off the line to assure that they 
indicated saturation temperature, as the pressure was reduced 
without fire in the furnace. The thermocouple at the location 
omitted from the* A7’ data had either failed or consistently re- 
corded a temperature considerably below saturation temperature. 

Mr. Schueler has presented an excellent analysis of the dis- 
tribution of heat absorption by the walls and its relation to the 
burner logations. The location of the burners and the furnace 
shape both affect the distribution of heat absorption by the walls 
but additional data is required to determine the optimum firing 
arrangement. Available data has however indicated that maxi- 
mum furnace efficiency is obtained when the fires are located as 
near as possible to the bottom of the furnace. 

Comparison of these results with additional heat absorption dis- 
tribution data as it becomes available should enable the de- 
signer to locate the burners and shape the furnace to obtain the 
optimum heat-absorption distribution throughout much of the 
furnace. 


CLosure By R. C. Corey anp Paut CoHEN 


Mr. Craig’s explanation for the vertical temperature gradient 
.at the furnace outlet agrees with that proposed by the authors. 
The gas-residence time of the stream lines leaving the top of the 
furnace outlet is believed to be longer, and therefore the linear 
velocity lower, than those leaving the lower portion of the outlet. 
Also considered as a possible factor was the heavier ash deposits 
on the rear than on the front wall, causing less net heat trans- 
fer from the gases along the rear wall. He calls attention to the 
need for similar investigations of furnaces fired by other methods. 
The Committee recognizes that all types of firing must be inves- 
tigated if fundamentai furnace heat-transfer relations are to be 
discovered. To the present time, however, it has been expedient 
to concentrate upon pulverized-coal-fired units, but during 1950 
it is expected. that a series of tests with a spreader-fired unit will 
be completed. 

Mr. Ely makes an interesting comparison between the operat- 
ing variables, excess air and vane opening, and the furnace heat 
absorption as per cent of total steam generation. 

The question raised is whether tests 19 and 21, or tests 15A, 16, 
and 17 are in error, depending upon whether the relative heat- 
absorption efficiency of the furnace is affected by the excess air 
alone, or is influenced primarily by the vane opening. However, 
it will be noted from the three-variable plot, Fig. 11 of Part II, 
that each of the variables influences furnace heat absorption, the 
effect being greatest at full load. If it is assumed as a rough ap- 
proximation that excess air and vane opening have the same rela- 
tive effect in the ranges that were studied, then Mr. Ely’s plot in- 
dicates test No. 15A to be somewhat low and No. 16 to be some- 

what high. But it is not known definitely whether the deviations 
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were due to instrumental errors or to unusual ash patterns on the 
furnace walls for these two tests. ° 

The authors agree with Mr. Ely that check runs should be made 
as often as possible in these furnace investigations. 
because of the number of independent variables that must be con- 
sidered in the limited time available for such tests, it has not keen 
possible to make as many duplicate tests as desired. 

Mr. Mulliken suggests that the furnace-outlet temperatures 
seem low for heat-release rates of 95,000 and 50,000 Btu /(sq ft) 
(hr). Rigorous tests, in which direct comparisons were made in 
the-furnace between B&W MHVT and the modified shields, 
showed the latter to be approximately 50 F lower. The test. re- 
sults were corrected accordingly and used for the enthalpy caleu- 
lations. In addition, to detect possible contamination of the 
junctions, the test couples were calibrated frequently against a 
standard couple in a special electric furnace, and defective junc- 
tions were renewed. 

Plugging of the shields always is a problem, particularly at full 
load and low excess air. However, the aspirating system was ar- 
ranged so that the pressure drop across the shield was known at 
all times, and when it became too high the shield was replaced. 
Generally, the temperature at a given location in the furnace out- 
let was found to be the same with the new shield as with the one 
that was replaced, suggesting that inaccuracies due to reduction of 
cross section of the shield by ash’ were negligible. It was inter- 
esting to find that the emf of couples fitted with type E or G 
shields did not change noticeably, at constant mass flow of gas, 
even when as much as 90 per cent of the free area of the shield be- 
came plugged with ash. 

Mr. Schueler’s suggestion that the effect of vane setting might 
be more pronounced with coarser coal is probably correct. That 
is, for a given coal and excess air, the rate of change of flame sur- 
face with respect to vane opening may increase as the coal fine- 
ness decreases. Of course a relation of this kind would apply 
only within the limits of stable ignition. 


However, 


CLosure By H. H. Hemenway anv R. I. WHeater 
Mr. Craig observes that the averages of the measured tempera- 
tures-leaving the furnace check reasonably with temperatures cal- 
culated from Orrok’s modified formula except for test Nos. 29 and 
22. General equations such as Orrok’s for calculating furnace 
performance deal only with those few factors having the greatest 
influence on furnace heat absorption and are usually fairly accu- 
rate. One factor not normally considered is flame shape on which 
subject Mr. Orning has some very interesting comments. On 
the Paddy’s Run unit, flame shape was varied by changing the 
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position of the burner secondary-air vanes to alter the whirl im- 
parted to the air before it entered the furnace. By opening these 
vanes this whirl was reduced which increased the length and re- 
duced the spread of the flame causing a lowering of furnace heat 
absorption. This reduction of heat absorption on test No. 22, 
run with 60 per cent vane opening, probably caused the results to 
deviate from the results calculated by the Orrok equation. 

Mr. Ely’s plot of furnace absorption as per cent of total genera- 
tion provides an excellent means of cross checking results. If the 
point for test No. 15A (B) is raised and the point for test No. 16 
(C) lowered as suggested in Part III, the resulting plot will show 
rather well the effects of excess air and per cent vane opening on 
furnace heat absorption. ; 

The authors may have been remiss in omitting the use of the 
S-A factors developed by Mumford & Bice* and recommended by 
Mr. Ely but the ash deposits on the furnace-wall surfaces were so 
minor in nature and varied so little between tests that early ex- 
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amination of the data indicated little change in the correlati 
of the test points. 

Mr. Schueler expresses the opinion that the furnace-wall sur- 
faces might be more effectively used by making changes in burner 
grouping, furnace shape, or both.. Thre relatively poor results ob- 
tained on tests with the’secondary air vanes open greater than 40 
per cent may have led to this observation. At Paddy's Run the 
vane settings were varied to study the effect of this particular fae- 
tor on furnace performance. Normally the air vanes are set at 
the position giving optimum performance. .In this case the set- 
ting is 40 per cent open. As a matter of interest a comparison 
was made of the results of the tests on the Tidd tangentia!ly fired 
furnace when the burners are horizontal, and the Paddy’s Run fur- 
nacé with burner air vanes 40 per cent open, both at approxi- 
mately 25 per cent excess air. This comparison is shown in Fig. 
2. Note the closeness of the results obtained by the two differ- 
ent methods of firing. 
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This paper deals with a method of isolating and evalu- 
ating the various cycle losses of a condensing steam power 
plant. Each loss in the steam cycle causes an increase of 
entropy. By considering each of these entropy increases 
on a ‘‘per hour’’ basis instead of a “‘per pound”’ basis, the 
heat rejection to the condenser caused by each individual 
loss can be evaluated quickly. 


NOMENCLATURE» 

The following nomenclature is used in the paper: ~~ 
G = mass flow, lb per hr 4 
H = enthalpy flow, 1000 Btu per hr ( 
Pp, = pressure, psia 

q = sensible-heat flow, Btu per hr ; 

@ = sensible heat, Btu 

s = specific entropy, Btu/deg F/Ib 

S = entropy flow, Btu/deg F/hr 
S’ = entropy, Btu/deg F 7 

t = ordinary temperature, deg F 
T = absolute temperature, deg F 
v = specific volume, cu ft per lb 


The concept of a flow of entropy can, at times, be used ad- 
vantageously to evaluate the different losses in a condensing 
steam power plant and to get quick answers as to the over-all 
effect of design changes. An entropy-balance diagram can do 
this, because entropy is a measure of the unavailability of energy 
from the standpoint of a complete power plant consisting of 
boiler, turbine, pumps, 
forth. 


condenser, feedwater heaters, and so 


DEFINITION OF AN ENTROPY-BALANCE DIAGRAM 


When sensible heat is added to a quantity of matter, the change 
of entropy is given by the equation 


Conventional steam tables assume that the entropy of satu- 
rated water at 32 F is zero. For water at temperatures above 
32 F and for steam, the entropy is greater than zero because the 
sensible-heat content is greater than that for saturated water 
at 32 F. For steam, water, or ice at any condition, the entropy 
may be obtained by making a proper integration of Equation 
{1] from saturated water at 32 F to steam, water, or ice at the 
condition specified. 

Equation [1] makes no mention of the quantity of matter to 
which heat is added because, as a differential equation, it may be 


1 Assistant Division Engineer, Turbine Engineering Division, 
General Electric Company. Mem. ASME. 
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integrated to determine the entropy of any quantity of matter. 
Conventional steam tables give the result of this integration 
for 1 lb (mass) of water. Thus the steam table lists values of 
“specific entropy” or entropy per pound of fluid. 

If entropy per pound of fluid be multiplied by the fluid-mass 
flow, in pounds per hour, the product is the entropy flow per 
hour. An entropy-balance diagram is, then, a chart similar to 
a heat-balance diagram on which is represented the rate of flow 
of entropy throughout the entire steam cycle of a power plant. 
There is, however, one important difference between a heat- 
balance diagram and an entropy-balance diagram. On the 
heat-balance diagram, the boiler, turbine, feedwater pumps, and 
condenser are the only places where heat (or more properly 
enthalpy) is added to or subtracted from the thermodynamic 
medium itself. At all other points in the cycle, enthalpy is 
only transferred, as from steam to water in a feedwater heater. 
On the other hand, on an entropy-balance diagram the total 
entropy of the thermodynamic fluid is increased whenever a 
cycle loss takes place. For example, consider an extraction 
steam pipe leading from the turbine to a feedwater heater. The 
pressure drop in this pipe will cause an increase in the entropy 
of the steam flowing in the pipe, and the hourly entropy increase 
taking place within the pipe will be a direct measure of the cycle 
output loss caused by the pipe fluid friction. 


CONSTRUCTION OF AN ENTROPY-BALANCE DIAGRAM 


Fig. 1 is a conventional heat-balance diagram for a typical 
steam-turbine power plant having an 11,500-kw AITEE-ASME 
preferred standard turbine-generator set operating at rated load. 
On this diagram, the heat-radiation loss is assumed to be zero, 
and the power required to drive the hot-well pump and boiler 
feed pump is neglected. (If desired, feedwater-pumping power 
can be taken into account without affecting the validity of the 
entropy balance as a means of evaluating losses.) 

The derivation of Fig. 1 is not described in this paper. 

Fig. 2 is the entropy-balance diagram corresponding to Fig. 1. 
It is based upon the flows given on the heat-balance diagram. 
At each point on the diagram, the mass flow is multiplied by the 
specific entropy to get the entropy flow. Whenever the total 
entropy leaving a given piece of apparatus is greater than the 
total entrépy entering the same apparatus, the difference between 
the two entropy flows is the entropy increase caused by the cycle 
For example, consider the 
steam-extraction pipe from the turbine to the No. 2 feedwater 
heater. The entropy flow at the pipe discharge is 9319.1 Btu/ 
deg F/hr. This value was calculated by multiplying 5338 lb per 
hr flow by 1.7458 Btu/deg F/Ilb specific entropy.? At the pipe 
inlet the entropy flow is 5338 lb per hr X 1.7344 Btu/deg F/lb 
or 9258.2 Btu/deg F/hr. Therefore the 10 per cent pressure 
drop in this pipe causes an entropy increase of 69.9 Btu/deg 
F /hr. 

Fig. 2 shows that 143,479.2 Btu/deg F/hr is the entropy 


loss taking place in the apparatus. 


* All properties of steam used in this paper were read from ‘'Ther- 
modynamic Properties of Steam,”’ by J. H. Keenan and F. ¢ 


John Wiley and Sons, New York, N. Y., 1936 edition. 
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L RADIATION LOSS ASSUMED 


TO BE ZERO ee 
2. POWER TO PUMP FEED- 5S*3525.8 
WATER NEGLECTED. - 
rejection’ to the condenser circulating water. This value 
represeyts the sum of all entropy increases (AS) in Fig. 2. The 
largest single entropy increase is the 124,489.3 Btu/deg F/hr 
added by the boiler. This quantity represents the theoretical 
cycle losses for the particular flow, boiler-inlet feedwater condi- 
tion, and superheated steam-outlet condition shown in Fig. 1. 


THROTTLING Li 


In this paper, all values have been computed on an electrical 
computing machine merely to reduce the round-out errors and insure 
essentially perfect totals for all summations. For ordinary work 
such refinements usually will not be necessary. . 


F 
ASSUMED) 


= 
S*4821.8 S=36525.! 


4£S*ZERO 


Fic. 2.) Typicat Entropy-BaLance DIAGRAM 


EvatvuaTion or Losses 


Substantially all condensing power plants operate with wet 
steam exhausts. For such plants, the turbine-exhaust-steam 
temperature is a function of the exhaust pressure only. Thus 
when Equation [1] is applied to the heat-transfer phenomenon 
in the condenser, the temperature 7' is a constant. 

Figs. 1 and 2 are based upon 1'/2 in. Hg abs exhaust pressure. 
At this pressure the saturation temperature of steam is 91.72 
F or 551.41 F abs (7’ = t + 459.69). 
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With constant temperature, Equation [1] may be written 
in the form 


‘ Aq 
Thus the condenser heat rejection corresponding to the 143,479.2 
Btu/deg F/hr condenser entropy rejection in Fig. 2 must be 


Aq = 551.41 X 143,479.2 = 79,115,866 Btu per hr 


. [la] 


This value agrees with the condenser heat rejection calculated ” 
heat-balance methods as shown in Fig. 1. 

To illustrate the method of evaluating individual losses, con- 
sider again the steam-extraction pipe to.the No. 2 heater. A 
previous calculation has shown the entropy increase in this pipe 
to be 60.9 Btu/deg F/hr. This entropy increase must be re- 
jected at the condenser at 551.41 F abs temperature. The cor- 
responding heat rejection at the condenser is 


551.41 X 60.9 = 33,581 Btu per hr 


This is the heat equivalent of 9.85 kw. Thus the 10 per cent 
pressure drop from the turbine shell to the No. 2 feedwater heater 
is causing a power output loss of 9.85 kw or 0. 0825 per cent of 
the 11,940-kw turbine shaft output 


TABULATION OF ALL LossEs FOR Figs. 1 AND 2 PowER PLANT 


Table 1 isolates and evaluates each loss in the Fig. 1 heat-— 
balance diagram, and Fig. 2 entropy-balance diagram. This — 
table is an illustration of the type of over-all picture of power-— 
plant losses which may be prepared relativ ely quickly by means 
of the entropy-balance diagram. 

Table 1 shows the losses associated with, feedwater heating 
while many readers are accustomed to think of gains from feed- 
water heating. This difference is only a matter of viewpoint. 
Feedwater heating results in an efficiency gain relative to the 
Rankine cycle without feedwater heating. On the other hand, 
an actual feedwater-heating installation always results in a loss 
relative to the perfect regenerative feedwater-heating cycle. 
This latter is the viewpoint in this paper. 

The derivation of Table 1 needs some explanation. 

For each individual loss, column B of Table 2 lists the entropy 
increase as shown in Fig. 2. The total of all entropy increases 
is the entropy rejection to the condenser. which agrees with the 
value shown in Fig. 2. 

The two asterisked entries require special explanation. The 

_ turbine-shaft power output of 11,940 kw has a heat equivalent 
of 40,748,235 Btu per hr. At 551.41 Fabs temperature, this 
amount of heat flow would have an entropy flow equivalent 
of 73,898.3 Btu/deg F/hr. This number has been included in 
Table 1 as the first asterisked quantity. 

The 217,377.5 Btu/deg F/hr entropy increase shown as the 
boiler output in Table 1 was calculated as follows: Fig. 1 shows 
a boiler output of 119,864,000 Btu per hr. At 551.41 F 
abs temperature, this amount of heat flow is equivalent to 
217,377.5 Btu/deg F/hr. This quantity represents the éntropy 
equivalent at condenser temperature of the boiler heat output. 

Column C shows the power output loss corresponding to each 
entropy increase. These were calculated by the formula 


Hourly 
entropy 
increase temperature at 
Btu/deg F/hr condenser, deg F abs 


3412.75 


Column D shows the percentage ratio of each individual loss to 
the turbine output and column E shows the percentage ratio of 
each loss to the boiler output. 


The values in column C may be used to “‘capitalize” each of 
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TABLE 1 BUALGATION, OF INDIVIDUAL LOSSES OF FIG. 1 
HEAT BALANCE 
(A) (B) (C) (D) (E) 
Entropy 
increase —-—Power loss-—-———~ 
Per cent 
Per cent 
turbine of 
Btu/deg power boiler 
Item  F/hr Kw output output 
Drain cooler.......... Veswnd 48.3 7.8 0.065 0.022 
Drain-cooler trap........ 2.6 0.4 0.003 0.001 
No. 1 heater...... 702.5 113.5 0.951 0.323 — 
No. 405.0 65.4 0.548 0.186 
No. 275.2 44.5 0.373 0.127, 
heater steam-extraction 
No. 3 32.7 5.3 0.044 0.015 
No. 4 heater. . 474.4 76.7 0.642 0,218 
heater steam-extraction 
AL 80.7 13.0 0.109 0.037 
No. 4 26.9 4.4 0.037 0.012. 
‘Theoretical cycle losses... .. . 124489.3  20114.2 168.461 57.270 
Turbine losses.............. 16755 .7 2707.3 22.674 7.708 
Total losses...... 143479.2 23182.5 194.158 66.005 
Turbine power outpyt. *73898.3 11940.0 100. 33.995 
Boiler output..... *217377.5 35122.5 294.158 100.000 


* See text for an explanation of asterisked entries. 


TABLE 2 pINCREASE OF SPECIFIC ENTROPY CAUSED BY 10 
ER CENT THROTTLING PRESSURE DROP 
Specific Specific 
entropy of entropy of Change of 
steam steam specific 
in turbine at heater entropy 
Extraction stage, entrance, Btu/deg F 
point Btu/deg F/lb Btu/deg F/lb 
No. 4 heater...... 1.6998 1.7112 +0.0114 
No. 3 heater...... 1.7187 1.7300 +0.0113 
- 2 heater...... 1.7344 1.7458 +0.0112 
No, 1 heater...... 1.7567 1.7677 +0.0110 
E quation [3a]. . +0.0114 
the individual losses. Again, using the No. 2 heater steam- 


extraction pipe as an example, if 1 kw of extra power output 
at constant input is worth, say, $100, then a capital expenditure 
of $980 would be justified to eliminate completely the pressure 
drop in this pipe, or a capital expenditure of about $500 to de- 
crease the pressure drop from 10 to 5 per cent. 
Losses 

Fig. 3 shows the cumulative loss in the feedwater-heating 
cycle as a function of the feedwater temperature. This shows 
that a perfect feedwater-heating system would improve the over- 
all plant efficiency (at constant boiler efficiency) by about 6 
per cent. 

It is difficult, if not impossible, to extract superheated steam 
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for feedwater-heating purposes without taking a loss relative 
to the extraction of wet steam. This results from the fact that 
the feedwater temperature leaving a heater usually is determined 
by the pressure of the extracted steam without regard to its 
superheat. Even when a feedwater heater is designed to use 
the superheat in extracted steam to decrease the heater terminal- 
temperature difference, the temperature of the feedwater leaving 
the heater is many degrees below the temperature of the ex- 
tracted steam. 

Fig. 3 indicates the portion of the loss in the feedwater-heating 
cycle that is caused by superheat in the extracted steam. This 
loss was evaluated by calculating the extra “entropy of super- 
heat” that would have been extracted if the heat of superheat 
were available at saturation temperature. Fig. 3 shows that 
the loss from this source amounts to about 0.2 per cent at the 
338 F feedwater temperature leaving the No 4 heater. 

To get an over-all idea of the feedwater-heating loss, the Fig. 
3 curves cover the entire feedwater-temperature range from hot 
well to boiler saturation. To calculate the point at the 489 F 
boiler saturation’ temperature, a ‘fictitious fifth stage of feed- 
water heating was assumed which delivers saturated water to the’ 
boiler at 614.7 psia pressure, heated by steam extracted from 
the turbine throttle. For this imaginary condition, the boiler 
heat output was kept unchanged fiom the actual 119,864,127 
Btu per hr value by assuming a bc‘ler mass flow, of 126,685 lb 
per hr which is converted by the boiler from saturated water 
at 614.7 psia pressure to superheated steam at 614.7 psia pressure, 
825 F temperature. Of this 126,685 lb per hr boiler flow, 
18,846 lb per hr is then extracted from the turbine throttle to 
the imaginary heater, leaving 107,839 lb per hr to flow to the 
turbine first stage, the same as before. With this imaginary 
feedwater heater in the picture, the entire feedwater-heating 
system from-hot well to boiler saturation temperature extracts 

4244.5 Btu/deg F/hr less entropy from the turbine than it adds 
to the feedwater. This 4244.5 Btu/deg F/hr value represents 
the saving which could be made.if a perfect feedwater-heating 
system were available which delivered saturated water to the 
boiler. 

Reweat Errects 

The entropy-balance diagram is strictly correct for showing 
where cycle losses actually take place; however, it gives slightly 
conservative values when used to evaluate the gains which would 
be made if losses were eliminated or reduced. 

Again, as an example, consider the No. 2 heater extraction pipe. 
Suppose that the pressure drop in this pipe were reduced and 
at the same time the extraction point in the turbine moved down- 
stage slightly so as to maintain the same heater pressure. The 
state line enthalpy of the extracted steam would then be reduced 
slightly so that more extraction steam flow would be required to 
get the necessary heat for the feedwater heater. This increased 

extraction flow necessarily would cause less mass flow through the 
turbine low- ~pressure stages and hence’ less entropy flow to the 
condenser. 

In evaluating the increased output that would result if the No. 
2 heater extraction-pipe pressure drop were eliminated, it has 
been assumed that the decrease of entropy flow to the turbine 
exhaust would exactly equal the entropy jncrease,in the extrac-,. 
tion pipe. This is true except for one thing, namely, turbine 
stages are not 100 per cent efficients and any reduction in the 
flow through a stage will also reduce the stage loss. Thus the 
entropy flow to condenser, will always be decreased slightly 
more than any increase in the amount of entropy extracted. 

At the turbine flange extracting to the No. 2 heater, the specific 
entropy is 1.7344 Btu/deg F/lb. At the turbine exhaust it is - 
1.8171 Btu/deg F/lb. Thus the “reheat factor” that must be 
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applied to entropy extraction at the No. 2 heater opening is 
approximately 1.8171/1.7344 or .1.048. The word “approxi- 
mately” is used in the foregoing expression because an entropy of 
liquid must be subtracted from both numbers, which will make 
the true reheat factor more complicated than the simple quotient 
shown. 

If a turbine were 100 per cent efficient relative to the Rankine 
cycle and had an isentropic expansion line, all reheat factors 
would be 1.00. Since all large turbines have Rankine-cyck 
efficiencies between 80 and 90 per cent, the reheat factors can 
never get appreciably above 1.00. About 1.10 to 1.15 is the 
highest reheat factor that will be encountered in any normal 
installation; thus considering it as unity will cause no great 
error in perspective for a given study. 


SIMPLIFIED CALCULATION METHODS 


It can be shown that for a throttling process : 


ds = —0o.1850 d loge p 


Since the value of pv/T generally changes very little along a tur-. 
bine-expansion line, it may be considered as approximately a 
constant. 

Using 0.585 as an approximate value of pv/T, Equation [3] 
becomes 


As = +0.108 log.” [3a] 


in which p;/p; is the pressure ratio of a throttling (poecens, and p, 
is the higher pressure. 

Table 2 shows the actual increase of specific entropy associated 
with the 10 per cent pressure drop in each of the four extraction 
pipes of Figs. 1 and 2, together with the values calculated by 
Equation [3a]. Table 2 shows that Equation [3a] is quite 
accurate as a means of estimating entropy increases caused by 
throttling. 

Simple procedures also can be worked up for estimating quickly 
the entropy increases associated with heater terminal-temperature 
differences, and the like, without reference to a steam table. 

CONCLUSIONS 

The entropy-balance method is a fundamentally sound and 
easily applied method of isolating and evaluating the different 
losses in the steam cycle of a condensing power plant. Although 
a sizable amount of calculation work is required to make a com- 
plete analysis of a given installation; any one question may be 
answered quite quickly after a heat balance is available. Pre- 
liminary estimates of many losses also may be made prior to a 
heat-balance calculation by making judicious assumptions as 
to the mass flows involved. nak. 

The entropy-balance diagram is not a substitute for other 
methods of analysis. It is another way of looking at a problem 
which should be used when it is helpful and not used when other 
methods seem more straightforward to apply. 


Discussion 


R. E. Hansen.‘ The evaluation of cycle losses by calcula- 
tion of entropy generation is convenient, particularly when losses 
under study are too small to show up in a heat-balaice computa- 
tion. 

The author statés on the sec md page of the paper that the en- 
tropy rejection (a better word than “‘loss”) of the theoretical 
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“Theoretical Regenerative-Steam-Cycle Heat Rates,"’ 


cycle is equal to the entropy received in the boiler. He does not 
define his theoretical cycle, but if the intention is to use as a refer- 
ence the cycle defined by Selvey and Knowlton,® the theoretical 
heat rejection would be increased by an amount given in the 
writer’s paper® of 1945. 

- It is not clear to the writer why, in Table 1, a fictitious entropy 
quantity representing turbine output is added to total entropy re- 
jection in the cycle. This total does not appear to provide any 
additional information. Thermal efficiency of the turbine cycle 
may be found by dividing kw output by boiler output in kw, i.e., 
11940 35122, or 34.0 per cent. Plant efficiency would be 
found by deducting auxiliary power before making this division, 
then multiplying the quotient by boiler efficiency. 

The question of radiation loss is side-stepped by the assump- 
tion of zero. However, radiation can be handled quite readily in 
this type of computation. ‘It may be of value to consider two 
types of entropy change, one by transfer, the other by generation. 
Entropy is increased by transfer in the boiler, and decreased by 
the same means wherever radiation or conduction losses occur 
Entropy generation, as by pressure drop or internal heat transfer 
with a temperature difference, alivays results in an increase. 
Heat rate of the cycle becomes 


3412.75 AH, 
(=7' AS), — (TAS), 


AH, — (TAS), 
where AH, is the heat received in the boiler, (=7' AS), is the 
summation of all entropy losses through radiation or conduction, 
multiplied by the temperature at which the loss occurs, and 
(T AS), is the entropy rejection in condenser multiplied by con- 
densing temperature. Where radiation and pressure drop occur 
simultaneously, the entropy rejection due to radiation must be 
computed separately from the entropy generation due to pressure 
drop, in order to evaluate (=7' AS),; the net change affects (7 AS)... 

The author’s evaluation of the effect of an individual loss is 


substantially correct in so far as capacity value is concerned, | 


unless capacity limitation lies in the generator. There is an addi- 
tional value, however, due to fuel savings. For example, with a 
load factor such that 6000 kwhr can be generated annually from 
each kw of capacity, and where energy cost due to fuel averages 
1 mill per kwhr the fuel saving amounts to $60 annually. As- 
suming 12 per cent fixed charges, capitalized value of the saving 
becomes $500 per kw, or $4900 in the example cited by the author. 
This value is obtained regardless of capacity limitation, as fuel 
input may be reduced at the burner. Both values must of 
course be corrected to a plant value, by considering the effect 
of boiler efficiency and auxiliary loss, which increases the value 
of the savings. 


by A. M. 
Selvey and P. H. Knowlton, Trans. ASME, vol. 66, 1944, pp. 489- 
512. 

* “Trreversibility in the Theoretical Regenerative Steam Cycle,” 
by R. E. Hansen, Trans. ASME, vol. 67, 1945, pp. 557-560. 
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Whenever entropy is discussed, the question arises as to what 
it is and why it is useful. Most forms of energy represent the 
product of a potential, such as force or voltage, by a quantity, 
such as distance or current. In the case of heat, temperature is 
the potential, but there is no readily perceived quantity by which 
to multiply it. This difficulty is solved by inferring the exist- 
ence of entropy, and computing its value mathematically. There 
is no need to know any more than this about its nature, and no 
probability that we ever will. 


AvuTHor’s CLOSURE 


The comments of R. E. Hansen are all quite pertinent. 

The theoretical cycle the author used as a reference on page 950 
is the completely reversible regenerative cycle in which the feed- 
water is heated by extracting heat from the turbine at the same 
temperature as the feedwater. This could be accomplished, 
theoretically, by flowing the feedwater, in a counterflow direc- 
tion, through a water jacket around the turbine shell and heating 
the feedwater by transferring heat at constant temperature 
through the turbine shell. The losses relative to the foregoing cy- 
cle caused by extracting superheated steam, as discussed on page 
951 of the author’s paper, are the same as those discussed in the 
R. E. Hansen paper,® except that they are evaluated for an actual 
cycle with a finite number of feedwater heaters and a less than 
100 per cent efficient turbine. 

In Table 1 the fictitious entropy quantity representing turbine 
output was inserted for checking purposes only. The text on 
page 950 explains how the 217,377.5-Btu/F/hr entropy increase 
assigned to the boiler was calculated. By calculating a similar 
entropy flow value which, at condenser temperature, would be 
equivalent to the turbine power output, a check was established 
that turbine-power output plus turbine, condenser, and feed- 
water-heating-system losses equaled the boiler output, as ex- 
pressed in entropy units. 

Radiation as well as many other considerations were side- 
stepped to keep the paper short. For example, the entropy 
balance concept can be used to evaluate boiler feed-pump losses 
which was also sidestepped by stating that boiler feed-pump 
power had been neglected. The purpose of the paper is to pre- 
sent a concept for isolating and evaluating different kinds of 
losses to which each engineer can fill in the necessary detail to 
adapt the concept to his own needs. 

Much has already been written on the subject of steam-power- 
plant efficiencies and heat balances. Mr. J. K. Salisbury has 
given much thought to this subject, and his 1949 ASME paper’ 
presents another approach to the problem of evaluating power- 
plant losses. The entropy balance concept is just another tool 
which a power-plant designer may use in his work. 


7 “Power-Plant Cycle Evaluation,” by J. K. Salisbury. Trans. 
ASME, vol. 71, 1949, pp. 593-604. 
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The Gas-to-Gas Heat Exchanger as Applied — 
to an Oxygen Plant 


Plate and Interrupted Strip-Fin Design — 
By CLYDE SIMPELAAR! ann DAVID ARONSON? 


The construction and performance of high-efficiency j = heat-transfer factor (see dimensionless groupings) 
(95 per cent) counterflow heat exchangers is reported. k = thermal conductivity of gas, Btu/(br)(ft*)(deg F/ft) 


These exchangers are of the finned-plate type employing k, = thermal conductivity of fin material, Btu/(hr) (ft?) (deg 
interrupted strip fins. Comparison is made between test- F /ft) 

core results and performance of large-size units installed L = length of flow passage, ft 

in a tonnage gaseous-oxygen plant. Heat-transfer re- m = (2h/ké)°-§, 1/ft 

sults were in good agreement but measured pressure drops P = gas pressure, psia 

on the large-size units were considerably higher than pre- AP = pressure drop, lb/in.* or lb/ft? 

dicted from test-core results, possibly due to losses at end t = temperature, deg F ” 


connections. Successful development of the true counter- * © 7’ = temperature, deg R 


flow gas-to-gas exchanger adds flexibility to the design of ét = temperature change of gas from inlet to outlet, deg F 
low-pressure gas cycles as in oxygen plants, permitting the At,, = temperature difference between gas and metal surface, 
substitution of heat exchangers for regenerators. deg F . 


U = over-all beat-transfer coefficient, gas, to gas, based on 


NOMENCLATURE total area, A ‘ Py 
‘ WW = mass-flow rate, lb per see or |b per hr . @) 
The following nomenclature is used in the paper: _ ay = effective fin length, ft : rot ; } 
a/s = ratio of total heat-transfer surface to minimum cross- 6, 4 = prefixes denoting difference x» , 
sectional area per unit of length 5 = thickness of fin, ft ’ 
A = total heat-transfer and /or friction area, sq ft (A = A, + = fin efficiency, dimensionless » ? . 
A,,). This definition of area differs from Norris and = (tanh 2,m)/z;m, approximate‘ 
Spofford (1)? A, which is the sum of half the direct a= viscosity, Ib/(hr ft) a 
surface plus the full indirect surface) i p = gas density, lb per cu ft - 7 
A, = minimum cross-sectional area for flow, sq ft = fin perimeter, ft, = 2(b + 4) 
A, = surface area of fins, sq ft 
= surface area of sq ft 
»b = width-of strip fin (distance from leading edge to trailing St = (h/Ge,), Stanton’s number, a heat-transfer modulus 
edge in direction of air flow), ft Pr = (c, “/k), Prandtl’s number, a fluid-property modulus 
¢, = gas unit heat éapacity, Btu/(Ib)(deg F) evaluated for arithmetic-mean bulk fluid temperature 
D, = equivalent passage diameter, D, = 4rg = 44,/(A/L), ft j = (Sd (Pr)** = generalized heat-transfer grouping (this 
f = Fanning friction factor (see dimensionless groupings) factor, j versus Re, defines heat-transfer character- 
G = core air-mass velocity, (Ib) /(hr) (ft? of A.) istic of surface) 
32.2 (ft) (Ib-matter) Re = (D,G/u), Reynolds number, a flow-property modulus ‘7 
g = conversion factor, g = one) (sec) (Ib-force) characterizing “turbulence” 
(for time in hours, g = 4.17 X 108) Ry = (¥G@/u) modified Reynolds number based on fin perime- 
h = surface heat-transfer coefficient referred to fin average res 
surface temperature, not to temperature at base of fin, f= AP 2g p_ = Fanning friction factor (the f—Replot de- 
Btu/(hr)(ft?)(deg F). Note that for conditions of G? (A/A,) | 
. test, distinction between surface temperature and fines friction characteristic of surface) 
base of fin is unimportant NTU ot. ‘At = number of core *heat-transfer units,”’ a dimen- 


sionless expression of “heat-transfer size’? of core; 
‘Chief Research Engineer, .Modine Manufacturing Company, NTU = (9)(Ah/We,) (n)(h/Ge,) (A/ 
Racine, Wis. Mem. ASME. 
? Process Engineer, Elliott Company, Jeannette, Pa. 
* Numbers in parentheses refer to the Bibliography at the end of c refers to cooler fluid, i.e., one being heated 
the h refers to warmer fluid, i.e., one being cooled 
Contributed by the Heat Transfer and Gas Turbine Power Divi- 
sions and. presented at the Annual Meeting, New York, N. Y., No- 
vember 27—December 2, 1949, of Tue AmericaN Society or Mr- * Within the accuracy of the data it is considered justifiable to apply 
CHANICAL ENGINEERS. the fin efficiency to the entire surface. The indirect surface consti- 
Note: Statements and opinions advanced in papers are to be tutes 85 per cent of the total surface so the uncertainty of the relative 
understood as individual expressions of their authors and not those _ effectiveness of direct and indirect surface can have only a small 
of the Society. Paper No. 49—A-153. effect on over-all performance. 
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INTRODUCTION 


This new type of heat-exchanger surface for gas-to-gas service 
is a development of the company of one of the authors.! The 
application to commercial-size heat exchangers was carried 
through in co-operation with the company of the second author,? 
for use in its oxygen pilot plant. The importance of proper heat- 
exchange design in the satisfactory functioning of the oxygen 


plant is indicated in a separate report (2) on the performance of * 


this pilot plant. 

A broad review of oxygen technology, including a considera- 
tion of heat-exchanger requirements, was featured in an AIChE 
symposium in December, 1946, and was later reported (3). The 


newer designs of oxygen plants involve heat transfer to gases at ° 


comparatively low density and require exchangers of very high 
efficiency. For such service as well as other applications involv- 
ing gases at low density some form:of extended surface is indi- 
cated from the standpdint of economy in cost, size, and weight. 
Tests of several types of extended surface are reported by Norris 
and Spofford (1), by London and Ferguson (4, 5) and by 
Trumpler and Dodge’ (3). These were all built in comparatively 
small size. 

The present paper describes coramercial-size units built around 
a fin pattern corresponding to sample No. 10 of the Norris and 
Spofford paper (1) and core J of the London and Ferguson 
paper (4). The core structure which is illustrative of the flat 
plate and strip construction is shown in Figs. 1, 2, and 3. Fin 
elements are built up from thin channel sections of copper which 
interlock into one another to give rigidity to the structure prior 
to soldering. The fins are formed by slitting the .web of the 
channel at intervals corresponding to the fin width 6, and then 
offsetting each alternate strip. This gives an arrangement of 
fins staggered by two’s. 7 

Somewhat different methods of construction were employed in 
the cores tested by the other authors. Norris and Spofford had 
each fin element consisting of a separate strip of copper. London 
and Ferguson’s cores were made by folding a strip of aluminum 
back and forth to form a serpentine pattern of fin elements re- 
sembling the filler elements of corrugated fiberboard. These 
variants of fin construction result in only second- order effects in 
performance. 

A radically different arrangement is described be Trumpler 
and Dodge. The cores, which were developed by Prof. S. C. 
Collins, consisted of a multiple-annulus tube in which each 


annulus was packed with closely coiled copper ribbon, . 


soldered to the tube walls, so that a rather complex fin pat- 
tern resulted. 

The methods which can be employed for assembling small core’ 
elements into large-size commercial units vary with the’ type 
of core and the intended service. For use in low-temperature 
plants (oxygen, liquid air, ete.), the following requirements 
were set for the commercial heat exchangers employing the fin 
pattern shown in Fig. 1: 


1 An arrangement having a very close approach to true 
counterflow. 

2 A single metallically bonded unit of reasonably large size 
to reduce the number of units per plant, thus eliminating excessive 
manifolding. 


3 A unit capabje of withstanding relatively high pressures. 


After the initial units for the pilot plant under consideration 
were built, these parameters of design were increased by the addi- 
tion of the following elements: 

4 A structure of sufficient strength to resist ope rating pres- 
sures without the use of external tie rods, braces, ete. 
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5 <A design to permit close stacking of individual units to 
minimize exposed surfaces, 
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6 A structure susceptible of béing bonded into a complete 
unit, including end connections, in one operation. 

7 A unit of relatively standardized design’ giving uniform 
performance. 

8 A design eliminating all possibility of pass- ween les akage. 

The improved design is shown in Figs. 4 and 5. } - 


~ 


DESCRIPTION OF EQUIPMENT 


Core Siructure—Fin Pattern. Both test cores and full-scale 
exchangers were built with fin elements arranged as shown in 
Fig. 1. Channels are nested twelve to the inch, with alternate 
strips offset '/2 in. so that a symmetrical pattern is obtained. 

This fin pattern was tested with three modifications as given 
in Table 1 


TABLE 1 FIN PATTERNS TESTED 


. Nominal fin length, 


Core Fin width, i.e., passage height, a 
no., 6, in. . 22z,, in. Section tested 
'/3 3” X 3° X 3° core 
1—! 2" X 3” and full scale 
‘ Fall scale 


Test Cores and Test Equipment. Heat-transfer and pressure- 
drop results were obtained on test cores 1 and 2. Test core 1 was 
tested water to air. Description ofthis core is as follows: 


Air side: 
5 passages '/: in. high and 3 in. wide X 3 in. long 
Total heat-transfer surface, A = 4.37 sq ft 
Net open cross section, Ac = 0.0492 sq ft 
Ratio: surface /cross section, 4/A- = 89 ‘ 
Water side: Cross-flow to air 


6 passages 0.08 in. high X 3 in. wide X 3 in. long 
Total heat-transfer surface 0.657 sq ft 


This core was made up with the 3 in. X 3 in. fin slabs soldered 
into individual units. These slabs were then separated with U- 
shaped brass strips soldered in place along thé front edges so 
that the water passage was, in effect, a flat tube 3 in. X 
0.080 in. There was thus one water tube between each !/--in. 
air passage. . 

Test core 2 of the following description was tested steam to air: 
Air side: 

1 passage '/:in. high X @in. wide X 3 in. long : 

Total heat-transfer surface, A = 1.70sq ft 

Net open cross section, A- = 0.0191 sq ft 

Ratio: Surface /cross section, A/Ac = 89 
Steam side: . 

2 passages Same as air side, except 3 in. wide X 6 in. long 


For heat-transfer tests, core lengths in the direction of air flow 
were kept smal! in order to maintain sufficiently high tempera- 
ture differences between steam and discharge air; for example, an 
18-in. length would have resulted in about 0.1 deg F tempera- 
ture difference, too low for accurate interpretation. 

The arrangement of the test stand is shown in Fig. 6. Air 
flow was measured by a special orifice chamber which had been 
calibrated by volumetric displacement. Inlet and discharge- 
air temperatures were measured with unshielded copper-con- 
stantan thermocouples inserted in the middle of wooden ducts, 
the walls of which were close to the air temperature. An excess 
of steam was pussed through the core in order to insure uniformly 
high rates of heat transfer by condensation with absence of sub- 
cooling. 

No mixing baffles or straightening vanes were used in the inlet 
or discharge connections, since the large number of fins in series 
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Table 2. 

Fic. 6 Equipment ror Testiné Core Sections water, car 
Induction motor, 7.5 hp, 3470 rpm (14) Piezometer rings : posited or 
Blower, centrifugal 1296 cfm 20 in. sp *(15) Downstream thermocouple grid : a 
Air-flow regulator (16) Upstream thermocouple grid “cleaned u 
Air-flow by-pass Selector switch 
Orifice box Leeds & Northrop portable precision potentiom- 
Orifice box thermometer eter No. 8662 
Orifice box draft gage 9) Draft gages 
Orifice plugs : Moisture trap ‘ Nitrogen pa 
Transition from round to rectangular duct 21) Test core : 18 passag 
Transition 6 X 3 in. to6 X '/2 in. duct 22) Mercury manometer = Total hes 
Transition 6 X '/:in. to6 X 3 in. duct 23) Condenser + Net open 
Transition 6 X 3 in. to°3 X 3 in. duct 24) Insulated duct Ratio: § 
Hair-felt insulation 25) Wall-temperature thermocouple 


Fin perin 
De = 


effected adequate mixing. Flow was fully turbulent in all tests. Stitaw a, ; Als pean 
LOW PRESSURE 


Reynolds number in the ducts ranged from 4000 to 40,000. A. Pus 
thermocouple, attached to the separating wall of test core no. pacnnaen 
2, was used to measure wall temperatures. These values ranged 

from 0.5 to 1.3 deg F lower than condensing-steam temperatures. 
The wall temperature in the test of core 1 was calculated on the 
basis of waterside coefficient being given by 


vv 


hD/k = 0.023 


TABLE 2 


and D-2. 
and D-2i 

There 
A and B 
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Large Units and Test Equipment. For convenience in manu- 4 . 
facturing and subsequent handling, the finned length of the large LOW PRESSURE SLAB WIGH PRESSURE SLAB 
units was made 7'/2 ft. Two types of exchangers were built, Fic. 7 ARRANGEMENT or Heat-ExcHaNGER PassaGes —— 
suited to its special application in the oxygen pilot plant. . 
The low-pressure type has equal areas for flow of the two streams each separating plate so that heat need be transferred only from High-pres 
since they are both at approximately atmospheric pressure, and" the middle of any one passage to the sepurating plate. Were an ; 13 per 
the flow quantities are about equal. The high-pressure type has — even number of passages of equal height used, then, in the outer Net ope 
twice as much flow area for the gas at atmospheric pressure as for _ passages, the heat flow would have to take place across the full — 
the one at 6 atm. This pattern results in economy of exchanger passage height which would mean a lower fin effectiveness, the 
volume. ; : length of the fin then being taken as '/: in. for calculating fin effec- The A 
The heat exchangers were built in sections of seven passages, tiveness instead of 1/,in. respect | 

and then the required number of sections were bonded together For the high-pressure exchangers having a smaller flow area the nun 

to make up the final unit. Each section consists of an outer brass for the high-pressure stream, there are in each slab section three - thir 

plate, a layer of copper fins, a brass separating plate, another passages for the high-pressure stream, each passage being '/, in. ratio A, 

layer of fins, another separating plate, and so on, for seven layers high; and for the low-pressure stream, two !/2-in. plus two ¥/«- Temy 

of fins, with a final outer plate. The entire assembly was soldered in. passages as shown in Fig. 7(b). couples 
* together in a special oven. 


TABLE 


In the later improved design, the size of the individual slab cury-1n: 

For the low-pressure exchangers, the inner passages consist of sections is larger and each slab is provided with standard sweat- of 99.5 
of '/;-in. fins, and the two outer passages of '/,-in. fins, as illus-  solder-type end connections so that each slab becomes a com- ends of 
trated in Fig. 7(a). This results in a material balance across plete heat exchanger. Any number of these individual exchang- inlet an 
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TABLE 4 TEST-CORE RESULTS 


Avee. 

- Air Air Air Water 
Flow Press- Preas- Press- Air Air Air or 

Air Rate. ure ure ure Temp. Texp. Temp. Steam 


1 868 17,650 4.72 1.59 «13 9402 150.7 56.5 198.5 $5.5 2,000 00104 «4040 «4,430 100 
2 647 13,130 14.68 14.60 .081 100.7 160 59.3 193.7 47.5 2,000 09119 3,250 950 
432 8,770 14.64 14.60 .041 02.6 168.9 66.3 198.0 37.9 2,000 09143 050) 2,160) 3, 940 
4 216 4,390 14.00 14.59 .014 102.1 180.1 73.9 199.5 24.1 2,000 09280 «6.070 «41,080 1,970 


1 29,900 15.2 14.75 047 109.3 16160 10062 .046 6,620 9,350 
2 515 26,820 15.1 1.7 113.6 166.2 52.6 216.5 59.9 20072 8,340 
3 £66 24,250) 15.0 14.7 116.0 169.2 53.2 216.6 569 00% 5,330 7,520 
386 20.100 14.9 14.65 112.1 172.1 60.0 216.5 520 20085 2950 «4.420 «6,240 
$ 346 18,030 14683 1462 62.8 0089 .052 3,970 5,610 
6 265 14,850 14075 14.61 109.9 177.1 67.2 216.8 009% 053 3,260 4,600 
7 265 12,750 14058 4109 108.8 181.1 72.3 20105 .056 2,800 3,950 
8 202 10,520 14.65 14.58 .087 107.4 %.7 2173 371 00114 065 2,315 3,270 
9 7,720 146 10500 106.6 190.1 83.5 217.5 31.3% 0131 1, 2,380 
10 97.5 $,080 14.58 10762 195.7 83.5 218.7 22.6 1,120 1,580 
Shek 2,840 14056 0013 109.0 201.9 92. 215.6 , 16.1 018 131 621 880 


© f values were obtained from pressure drops measured during heating runs, Density was calculated 
at arithmetic average of inlet and outlet temperature, 


** Based on average film temperature. 


ers can be connected in parallel simply by connecting them to The thermocouple leads were carried without intermediate 
suitable manifolds. Such an assembly is shown in Fig. 5. junctions to a Brown electronic indicating potentiometer, having 
A list of the physical characteristics of the low-pressure ex- a response time of about 4 sec. Therefore a complete record of 
‘changers which are called the “clean-up” exchangers is given in temperature conditions in an exchanger could be taken in less 
Table 2. The term clean-up is used because in operation, than 1 min. 
water, carbon dioxide, and hydrocarbons from the air are de- 
posited on the metal surfaces as a rime and then removed or 
“cleaned up” with a stream of warmer nitrogen every 4 hr. 


Test RESULTS 


Core Tests. Core-test results are given in Table 4. Values of | 
f and j obtained with the first sample having '/s-in-wide strip 


TABLE 2 PHYSICAL CHARACTERISTICS OF LOW-PRESSURE fins were slightly higher than reported by Norris and Spofford — d 
(1), as shown ih Fig. 8. Tests of the second sample with 

1 sages OT @ single excha er 

18 passages '/2 in, high x 12 in. wae X 90in. long wide fins gave, over most of the range, lower values of j and higher 7 

O70 values of f than predicted by the tests of Norris and Spofford 

Ratio: surface/cross section, 4/4 = oy ia (1). The results with */3:-in. fins were confirmed by the tests 

a = 3: a “re 

Fin perimeter 0 0166 ft of Kays and London (6) made on core sample 93/4 in. X 8#/sin. X 
PR Kod... (for a single exchanger): Cates 3.844 in. air-flow length, as shown in Fig. 9. The values of fric- 

12 passages '/:in. high X 12in. wide X 90 in. long tion factor obtained by Kays and London at the low flows (hence 


Plus 12 es of 1/4 in. high X 12 in. wide X 90 in. long; for purpose . 
of teabtumie and pressure-drop calculations, set is considered ay 18 low pressure drops) are believed to be more reliable and are the 


passages, '/2 in. high, i.e., identical with nitrogen passages values used in the construction of Fig. 8. 


There are four units of this type, identified as C-1, C-2, D-1, The plotted values of the Norris and Spofford tests are shown 


and D-2. Two of these units, C-1 and C-2, in one set and D-1 lower than given in their paper. They used a surface area of the 
full fin surface plus one half the direct surface. In the present 


paper and in the work of London and Ferguson (4), the area is 
considered the full fin surface plus the full direct surface. Either 
method of representation is, of course, purely arbitrary. 

The effective diameter to be employed for calculating Reyn- | 
TABLE 3 PHYSICAL CHARACTERISTICS OF HIGH-PRESSURE Olds number is different in the two plots. Norris and Spofford 

: EXCHANGERS proposed the fin perimeter, ¥ = 2 (b + 4) as a suitable correlat- 
ing term. London and Ferguson pointed out that this is inade- ; 
=_@} quate to cover all types of surface, and suggested that representa- 7 

18 passages 1/s in, high X 12in. wide X 90in. long tion be made on the basis of the mean hydraulic diameter, D, = 

Total heat-transfer surface, A = 1.019 sq ft : 3 Pes 

Net open cross section, Ac = 0.388 sq ft 4A./(A/L). There is probably no simple method of repre- 

ee a” - 403 per ft of length - sentation which will show the effect on performance of fin size, 

yee shape, passage spacing, ete. 

The A exchanger consists of a single 7.5 ft unit identical in every Failure to realize improvement in j-values for the fins of re- 
respect to the B units, except that the A unit has only one third duced perimeter (as predicted by the Norris and Spofford cor- 
the number of passages as the individual B units and therefore relation) is apparently due to the corresponding reduction in 
one third the surface area and net open area. The value of the distance between in-line surfaces. 
ratio A/A, is the same in both A and B exchangers. The values of friction factor f, obtained with all test cores, 

Temperatures were measured with copper-constantan thermo- were higher than predicted by Norris and Spofford, as shown in 
couples which had been calibrated in an ice bath against mer- Fig. 8. This may be attributed to difference in thickness of fins — 
cury-in-glass thermometers and by immersion in boiling oxygen and condition of leading edges. Fin dies were of a preliminary 
of 99.5 per cent purity. The thermocouples were soldered tothe nature and did not produce fin edges completely free of burr. 
ends of thin-wall stainless-steel tubes which were inserted into the Performance of Assembled Heat Exchangers. The assembled Te 
inlet and outlet ducts. heat exchangers were tested as part of the operation of the oxygen 


and D-2 in the other set, are operated in series. 

There are two sets of high-pressure heat exchangers termed 
A and B. The B exchanger consists of two 7.5-ft units, each 
having the dimensions given in Table 3. 


Low-pressure side: 
The same as the air passages of the clean-up exchangers -_ 4 
High-pressure side: o¢ 
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THICKNESS FIN NOTE 

PASSAGE WIDTH OF OF STRIP FIN * PERI- 
CURVE HEIGHT STRIP FIN, FINO, SPACING 47, METER, | ALL CURVES BASED 
NO EXPERIMENTER iN b, IN IN FT fT ON AREA EQUAL TO 


' SIMPELAAR -CORE NO! 0.4865 004 12.0. o122 


2 SIMPELAAR (CONFIRMED O 485 3/32 004 122 O1r7é §=(0166 VALUES ARE THOSE 


BY LONDON 6 KAYS) OF LONDON @ KAYS 
CORE NO 2 


3 WORRIS AND SPOFFORD 1.0 /e -010 0127 .0225 | ORIGINAL PAPER 


SAMPLE NO iO USED AREA OF FIN SURFACE PLUS ONE HALF WALL 
AREA. 
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Fic. 8 Comparison oF PERFORMANCE OF DiFFrERENT Strip FINs 
(Tests of Simpelaar and Aronson and of Norris and Spofford.) 
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pilot plant. Comparison of performance between assembled 
units and test cores is presented in Figs. 10 and 11. The rea- 
sonably good agreement of heat-transfer performance indicates 
that inefficiencies introduced when building up from test core 
to large-scale assembly are of small magnitude. The appar- 
ently poorer results indicated on the low-pressure clean-up ex- 
changers may be attributed partly to errors in thermocouple 
readings and partly to a real decrease in efficiency due to non- 
uniform flow distribution. These exchangers have different- 
type end connections than the high-pressure exchangers, so that 
there may be a difference in the pattern of flows down the pas- 
sages. An unbalance in flow of 2 per cent from one side of an 
exchanger passage to the other side results in an increase in end- 
temperature difference of 5.2 per cent, which represents just that 
much poorer performance. This lack of good flow balance is 
likely to be the only reason for poorer heat-transfer results in 
large-scale units. 

Heat balances of the exchangers were made as part of the 
check of the over-all plant performance. In view of the 
extremely small end-temperature differences, such heat  bal- 
ances can only check the order of magnitude of the calculated 


rformance. 
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Table 6 is a sample sheet showing the step-wise method of cal- 
culating the performance of exchanger B. A discussion of 
the factors involved is given in the Appendix. The variation of 
temperature with length of the heat exchanger is shown graphi- 
cally in Fig. 12. 

The over-all pressure drops measured on the assembled heat ex- 
changers are greater than those predicted from results on test 
cores as may be seen from Fig. 11, showing friction factor plotted 
against Reynolds number. This higher :-ressure drop is attribu- 
ted to losses in the end connections, the magnitude of which 
can only be estimated from the observed over-all performance. 
The end connections which provide for distribution of the flow 
from the relatively narrow inlet nozzle to the full width of the 
exchanger slab are built up of a number of hollow rectangular 
tubes placed in the form of agrid. These tubes support the sepa- 
rating plates, at the same time permitting flow to take place in 
two directions. The arrangement of these spacer tubes is shown 
in Fig. 13. For the clean-up exchangers, the “‘low-pressure-pass”’ 
arrangement is used on both air and nitrogen passes. For 
the high-pressure exchangers A and B, the arrangements are as 
indicated, respectively, for the two sets of passes. 

Table 7 gives typical pressure-drop results for the pilot-plant 
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TABLE 5 CLEAN-UP EXCHANGERS —RECYCLE RUNS 


Temperature ture 
Exchanger In Out . Difference 
And Date_ Section Sr__  _°F_ Observed Cale, Discrepancy 
(Del 
2/19/48 Warn 50 40.5 9.5 
Pull Flow Middle 10,5 
3,550 lb/hr Temp. Chance 190, 191. 
Average 1030 8.9 
Middle “15055 10.5 
Cold 237,3 14.2 
Temp.Chance 147.3 151 
Average 12.3 8.5 45% 
(I 
(C2 2/21/43 Wara 45 34.8 10.2 
Pull Flow Middle 203 
3,550 lb/hr Temp.Chane 184.2 133.3 
Average 9.8 8.6 
Middle “139.2 9.3 
Cold 2292.8 =-303,0 12,2 
Temp.Chanze 151.6 154.5 
verace 10.7 8.7 
2/20/23 Vern 46.5 37.8 
Pall Flow Middle - -153.3 323 
°3,550 lb/hr Temp. Change 191.0 191.6 
ofair Averaze 9.0 &.9 
Middle , “144.5 -153.8 9.3 
Cold 233.2 1545 
Temp. Change 143.5 149.7 
“averare 2.4 8.5 
(Gl 
(C-2 2/20/49 Warn 43.5 33.0 ° 10.5 R 
Pull Flow Middle 142.0 91 
3,550 lb/hr Temp.Chanve 183.4 182.0 
Averaze 9.3 8.5 “15% 
Middle -139.9 +-149.0 9.1 
Cold 282.9 -303,3 13.9 
Temp.Chanze 150.0 154.3 
Average 22. 8.7 -32% 
TABLE 6 CALCULATION OF 


EXCHANGER B PERFORMANCE 


@ 


runs. The friction factors have been calculated using the fol- 
lowing relationships 
ap X @ X 4b 
29eD, 
where Ap is in lb ‘per sq ft. 
For 90-inch core length 


Then 
2(4.17) (10*) (AP)p (31.4) (108) (AP 
ate G? (2655) 


The gas densities and viscosities were calculated at the arith- 
metic average of the inlet and discharge temperature. 


CONCLUSIONS 


Thermal efficiency of large-size heat exchangers agreed rea 
sonably well with vilues predicted from test-core results. The 
heat-transfer performance for this particular strip fin can be repre- 
sénted by 


2 . 


hfe: 
= 6.245 


Large-size heat exchangers had larger pressure losses than pre- 
dicted from test-core results. Improved design of end connee- 
tions and distributing sections would, reduce pressure losses. 
This would make it possible to increase the velocity through the 
core for the same pressure loss and thus increase the heat-transfer 
capacity of a given core. Over the range of Reynolds number 
from 2000 to 10,000, the friction faector-for the test cores can be 
represented by 


f = 0.393 (D,G/u)~-* 


In the actual full-size cores the apparent f was almost double this 
value. 

True counterflow heat exchangers, having an efficiency of 95 
per cent in a 7.5-ft length, have proved satisfactory in the opera- 
tion of a tonnage gaseous oxygen plant. The use of an inter- 
rupted strip fin having a high surface area per unit volume (300 
sq ft total transfer area per cu ft of volume) makes possible close 


end-temperature differences with a compact heat exchanger. 


The design is suitable for gas-to-gas applications for pressures up 
to about 150 psig and temperatures from about 250 deg F 
(limited by strength of solder) down to as low as required. 


. (a) Low (b) (c) (e) (d)= ] Rele- 
Net Adjust- Net Low Pressure High Dek tive 
Joule- | ment for Temp. Pressure |Texp. Pressure | 
Thomason | Unbalanced | Diff. Temp, Change Temp.Change 00 % (a) 41 
At ow t-te St, ht, 2.896] § 
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| 
Prt 
Fic. 
° 
| | 
| | 
o 
| 
e- Pressure \ 
Temp. 
85 78.5 
= 6.5 77.5 | 240 1.80 2.0 0.993 | 3.9] 0.599] | 
66.5 6.8 59.7 133.6 33.0 0.980 63.1 | 9.48 1.916 
50 0.2 0.4 42.9 
25 7.6 17.4 |51.1 45.8 50 0.950 | 95.8 3.25 2.680 
0 0.6 La 8.2 8.2 of the 
: 8.7 -33.7 52.1 45.8 50 0.921 95.8 1.95 2.418 
-50 12 1.7 9.3 -59.3 
-75 10.0 [51.4 46.1 50 0.880 | 96.1 ffo.93 | 
-100 2.3 10.7 110.7 
-125 11.6 136.6 | 51.7 46.3 50 0.837 | 96.3 | 9.92 | 2.007 - 
-175 13.6]  -188.4 [52.4 47.0, 50 0.787 | 97.0 | 9.06 | 1.632 aw 
215 15.9 -230.9 |32.3 29.0 » 0.741 59.0 | 5.00 1.012 - ~ -* 2 
6.7 3.9 17.1 247.1 M. At 
243.2 18.7] 261.9 {29.6 26.5 - 26.5 0.720 53.0 | 3.94 
256.5 9.5 20.2 -2%.7 and E 
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TABLE 7 PRESSURE DROP; 


Mass 


Flow 


Flow Rate 
lb/hr 1b/(hr) (tt)? oF 


2,970 


1/22/48 Dl 
2,970 


2:30 A.M. 


1/22/48 Ol 2,080 2,970 57 
q 6:30 A.M, 2,080 2,970 
1/22/48 Cl, 1,730 2,470 -70 


9230 P.M. 2,470 


1/22/48 Bel 3,420 4,880 +3 
4 2:30 A.M, Be2 3,420 4,880 -168 

2/7/48 3,460 4,760 
= 3:30 A.M, D2 3,460 4,760 211 
2/7/48 C-1 3,400 4,760 -56 
6:30 A.M, 3,460 4,760 
2/7/48 D2 3,460 4,760 -60 
q 20:30 A.M, D-2 3,460 4,760 232 
3,880 5,540 
3,880 5,540 -181 
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Fig. 13° Patterns or Spacer Tuses In END MANtIFOLps oF HEAT 
EXCHANGERS 
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Avee.* 
Temp. 


Arithmetic average of inlet and discharge conditions, 


Nitrogen gas used in all of the above tests. 


CHANGE 


2R AS APPLIED TO OXYGEN PLANT 


Avge.* e Reynolds Friction 
Pressure Number _Factor_ 
pais in.He. ft DeG 


17.1 
17.3 0.25 


17.1 0.40 28.2 1,020 a 
17.3 0.20 4.1 1,720 095 
16.3 0.30 21,1 +122 
17.0 ° 

15.8 1.55 109. 1,510 128 
16.4 0.90 56.3 2,210 2108 
17.2 1.15 1,570 119 
17.6 0.55 39.3 2,490 2095 
17.2 1.15 8.8 1,640 
17.6 0.60 42.2 2,760 lg 
18,3 1.0 1,650 0117 
18.6 0.5 35.2 2,730 2104 
16.2 1.75 123.2 1,750 +122 
16.8 0.9 63.4 
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Appendix 


(CALCULATION OF EXCHANGER PERFORMANCE 


The method of stepwise calculation of exchanger performance 
has been developed as follows: 

For each set of passages of incremental length, A/; the incre- 
mental NTU is 


bt 
ANTU, = — (a/s), (Al) 
At, 0.818 


Al 
ANTU, = - h (AD) ) 
: At, 0.818 


where 


ét, = temperature change of hot fluid over length of ex- 
changer 

At, ="t, —t, = temperature difference between hot fluid 

. and metal wall 

At, = t,,—t, = temperature difference between metal 

wall and cold fluid 

i, —t, = temperature difference between two gases ° 

a/s = ratio of total surface to net open area per unit of 
length 


The equations for N7'U are applicable over a short length for 
which the conditions of physical properties and temperature dif- 
ferences between the two gases are essentially constant. The 
performance for the full exchanger length is obtained by adding 
up the NTU for each elemental length. 
The over-all N7T'U can be determined as a ratio of the VTU for 
either of the two streams: 
For the hot stream 
- 


NTU, = = 
For the cold stream 
NTU, = Poo 


Arbitrarily, the over-all NTU; based on the hot stream, will 
be used for calculating the exchanger performance. The final 
answer would be identical were the N7'U based upon the cold 
stream. For the NTU based on the hot stream 

(a/s), (Al) ( At,) 
(At + At,) (0.818) 
To find the value of the ratio Af,/(At, + At.) in terms of the 
known physical characteristics and temperature changes 

5t, (0.818) 
Jnmn (4/8), (AL) 

-6t, (0.818) 


Jee (a/8),.( Al) 


it, (0.818) (0.818) 
/s)q( Al (0.81 
(a/8),( Al) ; al | 


At, 


At, + At 
jam a/s)a( Al) 


which simplifies to 
At, + At, + (3) 
(a/s) 
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Substituting the value of this ratio in the equation for NTU 


NTU, = Snmla/s)y( Al) (8t,) 


ty t, (a/s), 


Rearranging this equation 


=. (0.818) [ + & (+) | 


Inm(@/8)y (ty — te) 


The ratio of the two heat-transfer factors is a function of the 
modified Reynolds number to the 0.4 power (as indicated by 
test-core results) 

in 0.245/(D,G/u),™* 
je 


* The value of the effective diameter D, for the two streams is taken 


as being equal.- 

The viscosities of the we gases, hot gas and the cold gas, 
within the same small increment of length, under conditions of 
operation, may be considered equal; hence 


in (4 y" 
Je G, 
Then 
G.\"* m \ (a/s) 
(0.818) | 5t, + dt, — 
Al = Gy — ne} 
Jam (a &) 


The calculation’ of exchanger performance can be handled 
by relating the performance at any section (and any tempera- 
ture) to the performance at an arbitrary temperature. This 
arbitrary standard temperature is t: sken as 100 F. The ratio of 
performance is given by 


0. 245/ (D F100 


Since D, and G are constant along the length of the exchanger 
= 


Substituting the value of (j,)100 in the equation for performance 


0.818 | dt 
| + ( G, ) ( Ne (a/s),] 

0.4 


From this equation the incre mental le ngth for each tempera- 
ture -range can be calculated and then the value of (j,):00 deter- 
mined from the conditions in any particular interval of length. 
The method of calcul: ating performance is illustrated by the 
following example: 

Exchanger B is handling a flow of 4220 lb per hr of nitrogen in 
the high-pressure passages and 4270 Ib per hr in the low-pressure 
passages. The respective average pressures are 85 psia and 18 
psia. The observed end temperature conditions are as follows: 


deg F—————-—~ 

High pressure Low, pressure Difference 
85 
256.5 


The d 
in Table 
the cold 


the ent 
temper 

The 
balance 
made | 
chart « 


| 
~ 

| 
| 
| 
‘me 
ah 
| ‘ é 
| at 
| 


100 
" 
| 
7 JOULE- THOMPSON OT AT TEMPERATURE, T 
MINUS JOULE - THOMPSON 4T AT 
FOR ISENTHALPIC EXPANSION TO 
BASED ON DATA FROM REF 
6}+—- yy > 
ar | 
5 
4 
=: 
100 ° ™ 100 - 200 -300 


TEMPERATURE HP 


Fic. 15 Nev Jouce-Tuomson AT 
The detailed calculations are handled in tabular form as shown, 


in Table 6. The multiplier for the temperature change ét, of 
the cold fluid is 


G, ne (a/8),  \12,500 0.922/ \354) 

The ratio of fin effectiveness for the hot fluid to that of the cold 
fluid at 100 F is 0.967/0.922 and is taken as being constant over 
the entire length of the exchanger. Variation of this ratio with 
temperature is negligible. 

The first five columns of the table are used to calculate a heat 
balance over each incremental length. The balance could be 
made by taking enthalpy values from a temperature-enthalpy 
chart or table but as a practical method the scheme shown is 
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easier to handle. The high-pressure temperature is split into 
convenient intervals with the first increment taken as small as 
2 deg in order to reduce the effect of averaging in using this in- 
terval for calculating the value of ji. The net Joule-Thom- 
son effect (7) is the difference between the Joule-Thomson 
effect at an arbitrary temperature (taken at 100 F) and the 
Joule-Thomson effect at the particular temperature interval. 
Values are plotted in Fig. 15. The adjustment for unbalance 
flow is calculated by allowing a higher or lower temperature 
change for the low-pressure stream than for the high-pressure 
stream, inversely proportional to the difference of the two molal 
flows. The column next to the last is calculated as an incre- 
mental length which is converted to actual incremental lengths in 
the last column. 

The value of the heat-transfer factor at 100 F is then calculated 
by using the performance values over any increment of length 


CG 0.4 ( 
as), 
0.818 | + (ét,) — 
| ne (a 


tio = — 


Me 0.4 
Al{ — (ty — 
M100 


Substituting the values from the table for the interval 85 deg to 
83 deg 
0.818 [2 + 2 (0.896)} 


(0.1192) (0.993) (0.967) (403) (6.5) 


Jivo 
Reynolds number at 100 deg F for the given conditions of flow is 
DG/u = (0.0117) (12,500)/(0.044) = 3320 

From the temperature and incremental length values in Table 


6, the change of temperature along the length of the exchanger can 
be plotted, as has been done in Fig. 12. 
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By DAVID ARONSON! 


This paper presents a method for designing gae-turbine 
regenerators with particular reference to the condition of 

space being the principal limitation on design. For . L 
the plate-fin structure a procedure is given for arriving at L. 
maximum performance attainable in a given volume of 


L, 
regenerator core, and for calculating the fin patterns and — 1 
plate spacings required to obtain such maximum perform-_ 4 
ance. For the tubular-type regenerator a method of ar- _ 
riving at optimum tube spacings is presented. 
NOMENCLATURE 
= heat-transfer grea, sq ft 
‘a = factor in determining fin effectiveness, 
(2h /kt)®-5 
RL? 
B = constant P 
«,, b = wetted perimeter, ft 7 (4 ) 
} R 
c = fraction of total length, L., given to cold stream: — 
= total height in no-flow direction 
of all cold-stream passages, ft 
LAI — ec) = total height in no-flow direction 
of all hot-stream passages, ft rk 
¢, = specific heat at constant pressure, Btu/(Ib F) S 
C = air or gas capacity rate, CC = We,, Btu/(hr F) j S,/D, 
C2, Cy, C4, Cs = constants related to f, j, and j/(f/2) : 
C;, Cs, Cy = constants relating performance inside to outside — S,/D, 
j of tubes 
- D, = equivalent diameter of passage, for rectangular T 
~ passages, ft = t 
4S 4(D,D.) 2D,Dz 
Ati 
b 2(D, + Dz) D, + Ds 
- D, = width of rectangular passage, ft or in. 
D, = height of rectangular passage, ft or in. 
D; = inside diameter of round tubes, ft or in. 
ad D, = outside diameter of round tubes, ft or in. Min 
F = ratio of design factors, dimensionless (see text) 
f,f, = see dimensionless groupings 
G = mass velocity, lb/(hr ft*) or lb/(sec ft?) = Vpor- 
= V/v 
G, = mass velocity at minimum opening between _ (Atma 
tubes, Ib/(hr ft*) or Ib/(see ft?) 
g = proportionality factor, g = 32.2 lb ft/# sec? — (AWs 
= 4.17 X 10¢Ib ft/¥ hr? 
4 h = unit. conductance for thermal convection heat | a, 
transfer, Btu/(hr ft? F) 
ét 
1 Section Engineer, Heat Process, Elliott Company, Jeannette, Pa. 
Mem. ASME. U 
Contributed by the Heat Transfer and Gas Turbine Power Div i- 
sions and presented at the Annual Meeting, New York, N. Y., Nov. | 
27-Dec. 2, 1949, of THe Ameaican Society or V 
NEERS. 
Nore: Statements and opinions advanced in papers are to be— 
understood as individual expressions of their.authors and not those of e 
the Society. Paper No. 49—A-144. 


= see dimensionless groupings 


thermal conductivity, Btu/(hr ft? F/ft) 

flow length, ft 

length of passage for flow of gas, ft 

length of passage for flow of air, ft 

length of assembly of passages in no-flow direc- 
tion for crossflow plate-fin type exchanger, or 
length in no-flow direction for tubular ex- 
changer, ft 

dimension in direction of stream flowing across 
outside of tubes, ft 


= length of tubes, ft 


number of tubes in direction of flow across tubes, 
dimensionless V = 
see dimensionless groupings 

pressure, #/in.? or #/ft? 
pressure-drop ratio, dimensionless 

gas constant; for air R = 53.3 ft ¢/(Ib F) 
ratio of volume flow of two streams, dimensionless 
(W/p), 


(W, W,v 


hydraulic radius, ft 


free flow area, sq ft 

tube-spacing ratio, center to center in direction 
normal to gas flow, dimensionless 

tube-spacing ratio, center to center in direction of 
gas flow, dimensionless 


temperature, R 


temperature, F Ls 
long mean temperature difference, F 


— | — (4). — — 


tin (t;) (to) 
in | —2——* 
(te), — (tie 


mean-effective-temperature difference to be used 
in determining efficiency for crossflow heat ex- 
changers, F 
At,, = Y( Alia) 9 
= + (At,,). 
mean-effective-temperature difference between 
air and metal wall 


mean-effective-temperature difference between 
gas and metal wall 

difference between bulk fluid temperature and 
temperature of metal wall at base of fin 

change in temperature of fluid going through re- 
generator, F, 6¢ = t, — t 

unit over-all thermal conductance, Btu (hr ft? F 
of A) 

velocity of fluid, at average air or gas tempera- 
ture, fps 

specific volume, at average air or gas temperature, 


ft*/Ib 


ed 
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P<. = 


Ww = flow vate, or lb/hr 
ry = effective le sngth of fin 
Y = correction factor to apply to log-mean-temperature 
difference to obtain effective temperature difference, 
dimensionless 
Y = At,,/Atin. 
from whic h NTU = 6t/(Y Atm) 
Values of Y are summarized on page 147 of (15)? 
from report of Bowman, Mueller, and Nagle (16). 
8, = prefixes denoting difference 
« = heat-exchanger effectiveness, a function of NTU, 
/C,, and flow arrangement, dimensionless (see 
Fig. 2) 
= (te 
(ti)y — (tide 


7 = combined fin and metal-wall efféctiveness, dimension- 


= of McAdams (15) 


less 


on 
D, + Dz 


n, = fin effectiveness, dimensionless 
= —— 


aly = 


y = absolute viscosity, Ib/(hr ft) 
p = fluid density, lb/ft? . 
o = ratio of free flow to frontal area, dimensionless 


Dimensionless Grouping 
A/S = ratio of surface area to net open area, 
(AP)(v 
_ Mo) — = Fanning friction factor. 
(V2/2g) (A/S) . 
sus Re plot defines the friction characteristic of 
the surface 
AP)(v) 
= ( M - = friction factor for flow across tubes. The 
(V2/2g)N 
f, versus Re plot defines the friction characteris- 
tic of the tube pattern. The velocity, V, is that at 
the minimum opening between tubes and N is 
the number of such openings in the direction of 


A/S = 4L/D, 


flow 
f, is related to f by: | 
(S-/D, —1 4 
Ie = =a 


= (St) (Pr)*/* = generalized heat-transfer grouping. This 
factor, 7 versus Re, defines the heat- -transfe r char- 

acteristic of the surface 
\7U = number of core “heat-transfer units,” a dimensionless 
expression of the “heat-transfer size’’ of the .core. 
NTU is customarily based on the minimum weight 


” 


flow. 
ét 
VTU = UAYCmin = —* 
m 
Temperature change of air Md 


Over-all mean-temperature 
difference 
2 Numbers in parentheses refer to the References at end of the 
paper. 


TRANSACTIONS 


= 

- g = gas-side condition 
= 
= 


The f 


THE ASME 


NTU, = NTU for the air side of the core. NTU, = nhgA,/Ce 
bt 
= j,(Pr)~*/,(A/S)e = 
Ja(Pr)~ (at. 
NTU, = NTU for the gas side of the core . 
Imry = ot 
NTU, = ~*/* n,(A/S),= 


Pr = (C,u/k), Prandtl number, a fluid property’ modulus 


Re = (DG/u), Reynolds number, a flow property modulus 
characterizing the “‘turbulence”’ 
St = (h/Gc,), Stanton’s number, a heat-transfer modulus 
(AP)(v) 

o= (1/29) (A/S friction factor for flow across tubes based 

g) (A/ A/S) oi ratio of surface area to minimum 
open area 
Subscripts . 


air-side condition 


condition on inside of tube 
condition on outside of tube 
fluid entrance condition to heat exchanger’ 


i] 


fluid condition at exit of heat exchanger 


Miscellaneous 


Ib = pounds massindistinctionto 


* 


INTRODUCTION 


# = pounds force 


ae his paper develops a design enetedlints for the gas-turbine re- 
generator. It is particularly applicable to those installations 
where space available for the regenerator is limited. Both the 
extended surface, plate-fin type, and the tubular type are con- 
sidered.” 

In regenerator design there is an optimum ratio between the 
heat-transfer coefficients and surface areas on the cold side to 
those on the hot side which will result in the lowest over-all pres- 


* sure drop AP/F for a given regenerator effectiveness «. In the 


past this ratio was arrived at by tedious trial-and-error calcula- 
tions. By using the relationships developed in this paper the 
designer may reduce the number of such trials or eliminate them 
completely. Further aid in design is to be found in the work of 
Soderberg and Smith (1) which shows the effect of regenerator 
thermal effectiveness on cycle efficiency, and in the paper of 
London and Kays (2) which is a comparison of several types of 
heat-transfer surfaces for regenerator,application. 


GENERAL DesiIGn PROCEDURE 


The design of a gas-turbine regenerator is simplified if one works 
mainly with dimensionless ratios. The two important ratios are: 


at Temperature change of one fluid 


At, ~ Over-all mean temperature difference between one 
fluid and the other 


AP _ Pressure drop of fluid going through regenerator 


P F Absolute pressure of fluid 
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By simple algebraic rearrangement of the well-known expressions 
for heat transfer and pressure drop, it is possible to develop the 
relationship between these two ratios. At the same time one 
obtains equations relating these ratios to the physical design 
of the regenerator. 

A balance between the quantity of heat to be transferred 
and the force producing the transfer is given by 


which can be rearranged to 
UA/We, = dt/At,..... [2] 


This ratio of temperature change to temperature difference is ex- 
pressed as NTU, number of transfer units. The performance on 


each side of the regenerator may be expressed similarly. For 
the gas side 
which rearranges to 
bt hon, A, 


This ratio can be calculated directly from the heat-transfer fac- 
tor j and the ratio of surface to net open area A/S 


Ge, () (W/S)ec, (% ) (5) 


Substitution of the value of j from Equation [5] in Equation [4] 
gives 


A/S)n, 


_Asimilar development applies to the air side. 

The pressure drop for flow in tubes or continuous passages is 
given by 

‘ap = 1024/8) 
2Qgv 

and by dividing through both sides by the absolute pressure P, 
the dimensionless form is obtained 


(A/S) 


and since 1. 
Po = RT 
For conditions in a regenerator the values of P, v, and 7 may 


be taken as the arithmetic average of inlet and outlet conditions 
without introducing significant error, 

Equations [6] and [9] may be combined to give the relation- 
ship between NTU and AP/P 


(AP, P), gRT 
V 


NTU, = 


The value of j/(f/2) is a function of both Reynolds number and 
passage geometry. For flow through round tubes at Re from 
5000 to 200,000 the values of f and j, respectively, may be : - 
proximated by 


f = 0.046/Re®-? 
j = 0.023/Re®? 
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hic. 1 ARRANGEMENT OF SurFaces IN 


ERATOR 
j / )= 1.0 


At values of Re less than 5000 this ratio becomes less than unity 
and is dependent on the length-to-diameter ratio of the passage. 
Test values of different types of fins are reported in (3), (4), (5), 
(6), and (7). 
values of j/(f 


tEGEN- 


so that 


For the type of construction here considered, the 
2) vary from about 0.5to 1.0. (See Fig. 1.) 
Relationship Between 
Values. 
The reciprocals of the N7'U, and NTU 
the reciprocal of the over-all NTU, 


Individual and Over-All Performance 
2 may be added to give 


shown as follows 


UA = h,A,% h 4 


In a gas turbine the weight flows and the heat capacities of the 
two streams are approximately equal so that 


(12) 
Dividing Equation [11] by [12] 
1 1 13) 
which from Equations [2] and [4] is identical with : 
1 


NTU NT U, 
Where no subscript is used, N7'U will be read as the over-all 
number of transfer units. The over-all N7'U can be related to 
the individual pressure-drop ratios by substituting Equation [10] 
in [14] — 


is 
ux 
hat 
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(V,)? (Pr)? 
NTU AP/P), gRT, 
(V,)2 


The individual gecseme-deen ratios can be shown by thermo- 
dynamic analysis to have an effect on the cycle proportional to 
their sum 


AP/P (AP/P), +(AP/P),........... [16] 


This develops from the expression for the entropy gain due to 
pressure loss which is given by 


In (P2/P1) 


where P, is the pressure at the inlet to the regenerator and P, is 
the pressure at the outlet. For the small pressure ratios in- 
volved in regenerator design the logarithm of the ratio may bé 
approximated by 


In P./P, = In (1 AP /Pavg) = —AP/Pavg 


B Optimum Relations Between Performance in Air and in Gas 
Passages. 

There are optimum ratios between the individual NTU and 
the individual AP/P which give the highest over-all N7U for 
a given AP/P, or for a given NTU, the lowest total AP/P. 
Partial differentiation with respect to the possible variables and 
setting the resulting partial differentials equal to zero gives the 
optimum conditions. 

The following relationships are developed in order to arrive at 
equations suitable for differentiation 


Let 


and 


L{c) = length in ft in no-flow direction given to 
cold-stream [19a] 


L{i —c) = length in ft in no-flow direction given to 
hot-stream [190] 


- The space occupied by metallic separating walls is neglected. 
The areas for flow are, respectively 


S, = (L,) (1 —e)....... [20] 
[21] 


Substituting Equations [18], [19a], and [19b], in Equations [17a] 
and [17b] gives 


(W,,) 


(22) 
(Ware) 
Inserting these values of V in Equation [15] 
(Pr)*/* 
NTU AP/P),gRT, L.)%(1 — c)? 
r? (W,v,)? (Pr)*/# (24) 


To simplify the analysis one can assume that the following 
terms are equalities (which is en true) 


=% 
(Pr),*/* (Pr),*/* 


and that the change in value of j/(f/2) in the range of possible de- 

sign variations may be considered a second-order effect. Let 
_ 

(NTU) (W,v,)? (Pr)*/* 


then Equation [24] becomes 


1 r? 


B= 
(AP/P),T,,L,%1 — c)? (AP/P),7.L,%c? [25 
Let 
UNTU, _. 


¢AP/P),T,L,? (1— 


Substituting Equation [27] in [25] and solving for the individual 
values of al /P gives 


(F +1) 
F 
«= [29] 


(F) (B) (L,)? (c)? 
Substituting Equations [28] and [29] in Equation [16] gives the 
general equation 

(F +1) 
B(L,)? a— T, 


(F + 1)r? 
(F) 


The value of F and c for minimum AP/P are found by june 


AP/P = 


. [30] 


differentiation as mentioned above 


(F 2 r? 


[31] 
_\l—e F 
or /, — 
4 l om ¢ 
F? = (rL,/L,)* : [34] 


Substituting the value of F obtained from Equation [34] in Equa- 


tion [82] gives 


Substituting Equation [35] in Equation [34] gives 


Comparing Equation [36] with Equation [35] one notes that 


| 
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Equation [27] can be rewritten as 


r? (AP/P),T,L,? (1 — c)* 


which combined with Equation [34] gives 
(AP/P), 
[39] 


These relationships can be more readily visualized by equating 
them all to F. 


(AP/P), 1—ec (D), (NTU) 
7 j rly 7 ‘) 40] 
(D2), and (D2), are the heights, respectively, of the cold and hot 


stream passages, on the basis that there is the same number of 
passages for both streams. 

The over-all N7'U can be related to the over-all pressure-drop 
ratio and the velocity of either stream by rearrangement of 
the relationships given in Equation [40] 


(1 + F)?(V,)? (Pr)? 
_ Ft gRT. 


NTU = 


(1 + F)*(V,)? 


In the foregoing analysis no allowance has been made for losses 
other than’ frictional pressure drops. These other losses are 
small enough as not to affect significantly the design relationships, 
but they should of course be included in the calculation of over-all 
performance. 

For the generaleaseinwhich | 


C./C,=Z#1 
at W,/W, = M #1 
* (c,)/(c,). = ZM 


the analysis is similar to that already presented, except that the 
ratios of the two flows must be included. The final equations so 
derived are 


_(AP/P), 


~ M( AP/P), 


TU, 
Z(NTU), 


= Ei (L,) [42] 


C Design of Exchanger Passages. 

The spacings of exchanger passages can be calculated by means 
of Equations [6] and [40], and fyom plots of the j values for the 
particular fin design chosen. The ratio of passage heights is 
given by Equation [40], but thé’absolute value to be used is a 
matter of judgment on the part of the designer. He must balance 
high fin effectiveness against increased cost and weight as 
the height of individual passages is reduced. as fin 
height is increased fin thickness must be maintained adequate to 
provide reasonable values of fin effectiveness. The fin effective- 
ness is given by 


Yonversely, 


m = (At)p/( At), = (tanh 


where 


a = (hb/kS)®-® = (2h/kt)** for uniform rectangular section fir 
= effective length of fin 


ARONSON—DESIGN OF REGENERATORS FOR GAS-TURBINE SERVICE 


971 


This length will vary from one half the passage height to the full 
passage height depending on the method of assembling the indi- 
vidual passages. If the regenerator is built up by assembling 
individual flat ‘‘tubes’’ consisting of one gas passage and one air 
passage as shown in sketch B of Fig. 3, then the fin height is the 
full passage height. If made with one center passage for air and 
two half-passages for gas as shown in sketch A of Fig. 3, the fin 
height is taken as one half the center passage height for the air 
side and the height of the half-passage for the gas side. If there 
are an even number of passages bonded together as shown in Fig. 
1, then the fin height is some value between one half and the full 
passage height. 


The direct surface effectiveness may be taken as unity, so that 
the over-all effectiveness is 
D, ) ( D, ) 
+ Dz D, + [44] 


The effective diameter, D,, for smooth continuous fins may be 
obtained approximately by substitution in Equation [6] of the 
relationship between j and Reynolds number 


NTU = j (4L/D,) (Pr)~*/* = 0.023 (Re)~*-? (4L/D,) (Pr) 
[45] 


Example—Over-All Performance. 
The design of a regenerator for a locomotive gas turbine will 
illustrate the handling of the foregoing relationships: 

The following are the approximate properties of the two streams 
(exact values not being known until the regenerator has been 
designed ): 


D 


Gas side Air side 
Weight flow, W, Ib/sec............. 60 60 
Average denaitey, Ib/ft?... 0.0333 0.166 
Average specific volume, v, Ib... 30.0 6.0 
Average viscosity, lb/(ft) fie)... 0.076 0.068 
Heat capacity, c,, Btu/(Ib) (F)...... 0.25 0.25 
Prandtl number, c,u/k............. 0.67 0.67 
Average temperature, 7’, deg eae 1210 980 
Average pressure, P, psia........... 14.9 60.0 


The regenerator is to have a core of the following dimensions: 


Length of flow path for hot gas, L,, 3 ft 
Length of flow path for cold gas, L,, 7 ft 
No flow direction, L,, 6 ft 


As a first step in the design one can determine the relationship 
between pressure-drop ratio and NTU. With this information 
the turbine designer can decide upon the optimum NTU for the 
turbine cycle. 


The design parameter F is given by Equation [36] 
F = [(0.2) (1210/980)*-25 = 0.72 

(The first figure of 0.2 is obtained from r = v,/v, 
= 6/30 = 0.2) 


Assuming that the ratio of net free area to gross cross-sectional 
area for the sum of the two streams (¢, + ¢,) is 0.85 and that it 
is about proportional to the relative net free area of each, then 
the velocities of the gases are 


(60) (6) 
(3)(6) {(0.72)/1. 72) (0. 85) 


(L,) (L,) (a) 


= 56.2 ft/sec 


_ (60) (30) 
+ ~ (7) (6) (1/1.72) (0.85) 
= 88.7 ft/sec 


| 
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Either of these values can be substituted in the appropriate 
part of Equation [41] to give the relationship between pressure-_ 
drop ratio and NTU. The following values are assumed for 


preliminary study: 


Fin effectiveness, 7, = 0.85 


j/(f/2) = 0.75 


losses or gains due to acceleration or deceleration of the fluid — 

streams. 
Based on gas stream 


(AP/P) (0.85) (0.75) (32.2) (53.3) (1210) 
(1.72)? (86.7)? (0.77) 


*NTU over-all = 


Based on air stream 


ee + (AP/P) (0.85) (0.75) (32.2) (53.3) (980) (9.72)? 
(1.72)? (56.2)? (0.77) 


= 77.2 (AP/P) 


If the AP/P for the cycle is limited to 3 per cent, then the maxi- 
mum VTU obtainable in the given volume is 


NTU over-all = (77.2) (0.03) = 2.31 


which for a single pass crossflow unit gives an efficiency « of 64 
percent, Fig. 2. 
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E Example Design of Passages. . 
The calculations to arrive at passage and fin spacings for an 
over-all NTU of 2.31 areasfollows 
From Equation [40] 


NTU, = (1 + F)(NTU) = ( 


1+F 1.72 
NTU, = * NTU) = = 5.5 
° a ( F ) ( ) (222) (2.31) 5.52 
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From Equation [45] the equivalent diameter of the two pas- 
sages are found. Using the values of Pr and » assumed 


NTU = 0.023(0.85) (Re)~®*? (4L/D,)'(0.67)~* 
and assuming that Re, = 3000 and Re, = 10,000 
(L/D,), = (3.98) (3.000)%? (0.76)/[(0.023) (0.85) (4)] = 193 
(D,), = 3.0/193 = 0.0155 ft = 0.186 in. 
(L/D,), = (5.52) (10,000)? (0.76)/[(0.023) (0.85) (4)] = 343 
(D,)q = 7.0/343 = 0.0204 ft = 0.245 in. 


With these calculated values of equivalent diameter, the as- 
sumed Reynolds numbers can be checked and corrections made 
if there‘are significant differences. Calculation of passage heights 
and fin spacings follow customary procedure. After allowances 
are made for such factors as actual fin efficiencies, area oc- 
cupied by metal walls, entrance and exit effects, according to 
the method suggested by London and Kays (2), the final pre- 
dicted performance values given in Table 1 are obtained. 


DeEsIGN OF TUBULAR REGENERATORS 


From the standpoint of maximum’ performance for a given 
volume of heat-exchanger core, the use of bare tubes results in- 
lower thermal efficiency than possible with extended-surface 
plate-fin construction. The foregoing analysis of extended-sur- 
face design showed that if there were no limit on the amount of 
surface and if the fins and separating plates could be made com- 
paratively thin, the over-all V7'U obtainable in a given volume is 
directly proportional to pressure-drop ratio. A similar propor- 
tion exists for tubular design but the N7'U compared to extended 
surface is lower for the same allowable pressure-drop ratio. 

The use of tubular design is often indicated on the basis of 
lower cost, better mechanical design, and suitability for high 
pressure as well as high-temperature service. A full discussio: 
of this subject is not within the scope of this paper. 

In connection with the design of radiators and intercoolers 
for aircraft service, a type of heat exchanger comparable to « 
regenerator, a number of design charts, and methods of prepara 
tion of such charts for selecting the proper size of core have been 
developed (8), (9), (10), (11), (12), and (13). The procedures 
given usually refer to the selection of a core which has already 
been designed having a fixed pattern of tube spacing and diame 
ters, or plate and fin arrangements. ‘Tubular regenerators, 
on the other hand, will usually be designed for a particular 
model of gas turbine, so that there is a choice of both tube diame- 
ters and tube spacings. The tube length and the other dimen- 
sions will in many cases be fixed by the over-all turbine design. 


Number of 
Outer diam 
Inner diame 
Spacing of t 

in directic 

in no-flow 
Thickness © 


Gas side 


n, fine 
Total surfa 
Direct 
Indire 
Numb 
Fin th 
Passas 
G, 
V, ft/ 
Re... 


Air side 


n, fin: 
Total surf 


Thet 
surface a 
total surf 
The 
is based 
with the: 
© For 
surface a 
A Ger 
The 
the pro 
NTU’s 
parame 
Equati 
regene!l 


For ga 
For al 


so tha 


The r 
from 
give | 
fricti 
the e 
{47 ] 


F 


ratio of to the half fri 1igher than 0.75 but is Tr 
— |= 
Fin 
Passs 
G, \b, 
V, ft 
| 
fe 
7 Fae = 673 


COMPARISON OF REGENERATOR DESIGNS FOR 


TABLE 1 
LOCOMOTIVE SERVICE 
-—— Tubular 
Extended High Low 
surface effective- effective- 
inconel ness ness 
Weight, lb (core only).......... 7,000 ,600 4,400 
24,800 9,300¢ 6,550¢ 
Direct surface, ft?.... 
Indirect surface, ft?. . 
Unit heat-transfer coefficient, U, 
based on direct surface......... 35.85 25.5¢ 18.8°¢ 
Number of tubes................ 709 3,825 
Outer diameter of tubes, in........ 0.280 0.500 
Inner diameter of tubes, in........ . 0.242 0.435 
Spacing of tubes: 
in direction of gas flow, SL/Do.. 1.75 1.40 
in no-flow direction, ST/Do..... 1.94 1.92 
Thickness of separating plate, in... 0.020 
Gas side 
AP/Pe, per ....5...... 1.75 3.05 1.38 
h, Btu/(hr ft? F)..... 16.9 43.8 32.3 
», fin effectiveness........... 0.80 
Total ourface, 16.000 4,990 3,500 
Direct surface, ft?........... 3,550 
Indirect surface, ft?.......... 12,450 
Number of fins perinch....... 7.7 
Fin thickness, in............. 0.010 
Passage height, in............ 0.45 
10,420 10,600 10,670 
Air side 
AP/Pe, per cent............ 4.73 
h, Btu/(hr ft? F)......... 36.5 69.6 52.1 
n, fin effectiveness. . 0.85 
Total surface, ft?...... 8,800 4,340 3,050 
Direct surface, ft?. . 3,550 
Indirect surface, ft? 5,250 
Number of fins perinch ...... 4.8 
Fin thickness, in............. 0.010 
Passage height, in............ 0.337 
33,600 74,400 55,000 


* The total surface for the tubular design is given as the sum of the outside 
surface and the inside surface in order to give a true comparison with the 
total surface of the extended surface units i 

+ The over-all heat-transfer coefficient U for the extended-surface design 
is based on one half the total direct surface to put it on a basis comparable 
with the tubular design. 

* For the tubular design the coefficient U is based on the outside tube- 
surface area. 


A General Design Relationships. 

The design of tubular regenerators to some extent can follow 
the procedure given for the extended-surface type. The ratios of 
NTU’s for optimum performance can be expressed by a design 
parameter F, but it should be noted that this parameter, given in 
Equation [46], is independent of the over-all dimensions of the 
regenerator. The relationships for a tubular design are 


NTU, _ h,A,/C, 


‘ NTU, h,A,/C, (46 
For gas-turbine regenerator one may considerthat 
- 

C, = C; 


For a bare-tube design 

A,/A,; = D,/D; 

so that Equation [46] becomes 
4, 
NTU, h; 
The ratio of the two heat-transfer coefficients (h,/h;) is obtained 
from the ratio of the mass velocities on the two sides which will 
give the highest over-all conductance U for the minimum total 
friction power. This ratio of mass velocities when applied to 


the expressions for heat transfer and incorporated in Equation 
[47] gives 


Cs D, att" be 0.111 
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The constant Cs, which is a function of tube configurations, is 
shown in Figs. 13 and 14. Employing this ratio of the two NTU’s, 
one can calculate the absolute values of the individual N7T'U’s for 
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a given value of over-all NTU. From the NTU; the L/D, of the 
tube is obtained by using Equation [45a] 

0.023 (4L,/D,;) 


(Re,)**(Pr)*/* [45a] 
The pressure drop for flow inside the tube is given by Equation 
[9a] 


(AP/P), =f = [9a} 
29 


Equation [45a] may often give a tube diameter smaller than 
considered practical. One can redesign the unit for multipass 
on the tube side so that the effective tube length is increased, or 
accept a design which will not give the maximum NTU /(AP/P) 
ratio for the given volume. In the latter case more surface is re- 
quired for the same NTU. 

The tube spacings required for the optimum ratios of heat- 
transfer coefficients are given by 
(S,/D,) (S;/D, — 1) 

100 (C:/F)'*5 (D,/D,) (L,,/Ly) 


49] 


for the case of in-line tube arrangements and staggered tube ar- 
rangements having the minimum opening in the transverse spac- 
ings. While Equation [49] does not give the absolute values of 
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the spacings; one can be guided by the general principle that 


S,/D, should be made as small as mechanical design limitations 
permit because this results in the highest heat transfer for a 
given friction power as indicated roughly by the plots of Figs. 
6, 7, and 8 where C; is related to the factor j/({/2) by 


and C; is 
1.10 C, 


Cs = - 
20. (S¢/D, — 1) 
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Often tube spacings will be limited by minimum ligament re- 
quirements in the tube sheet. (In the design of the regenerator 
for locomotive service shown in Fig. 17, close tube spacings were 
obtained by bending the tubes into an are. ) 

The values of C, and C, are functions of Reynolds number and 
tube arrangement. Wood and Brevoort (8) have prepared simpli- 
fied correlations, Figs. 4, 5, 6, and 7 of the data of Pierson and 
Huge as correlated by Grimison (14), for heat transfer and fric- 
tion factors for flow across tubes. The values of the several 
authors are related as follows: 

C, = 0.31 F, where F, is the arrangement factor of Grimison 
and C3, the’constant’given by Wood and Brevoort in 
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In the preparation of their plots Wood and Brevoort incorporated 
the value of Prandtl number in the constant C, In order to 
cover a wider range of gas properties the Prandtl] number is rein- 
troduced, and in-line with the treatment followed earlier in the 
paper, the heat-transfer expression is transformed into the 
Stanton number thus 


h/e,@ = 1.10 C; [52a] 
The pressure drépon the outside of tubes is given by 
4f. 4f.NV?  4f.N V? 
2gP 2gPv RT 2% 
where 
a = C,/(Re)*3 = Scrimison ee [54] 


The value of NTU, can be obtained from Equation [52a] by 
incorporating the ratio of surface to net free area 
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T heat flow with the ratio of G, to G;. The following 
are taken as equalities 
W,= W; 
— 
—e The analysis will be based on the performance of 
ze = — a single tube in a tube bank and the length of tube 
= ze ah - a to be considered will be taken as equal to the out- 
side diameter. This does not affect the validity of 
the analysis since the regenerator is merely a multi- 
ae N SS re ple of such an elemental area with all factors in pro- 
portion. 
010 mee — rH The performance on the inside of the tube will 
009 be considered only for the case of turbulent flow for 
— f = 0.046/Re*- 
and 
005 0.2 
(p00 2000 3, 4, 5, 6, %68,9,10.000 15, 20, 30, 40, 50,60, j = 0.023/Re* 
056 mox/! REYNOLDS NO. The pressure-drop ratio is then expressed as 
Fic. 10 Vatves or j/(f/2) ror FLow Across Tuspes ror VaRipus VALUES 2 
_or Cs AND OF REYNOLDS NUMBER (AP/P); = 0.046 G2, 4(D,/D,) . [56] 
2ghT, 
Cy The amount of fluid flowing is W = GS = G (x/4) D,;? which, 
$.0 | substituted in Equation [56], gives 
0.046 (;)°?  (D,)'8 
AP/P)W, = | ——— | 
| 29(D,/D,)"* RT; (57 
aan $,/09 To simplify the handling of the equations the terms inside the 
ae brackets can be called K, 
ae 3.00 0.046 (nu; )o-2 (D,)*8 v,;2-0 
29(D,/D,)* RT, 
40 4 2/p 4 2.8 
3.8 7 
1.175 
3.4 5.2 1.50— 
ITZ 
3.2 _— 5.0 20 
30 48 4 4 
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(Pr)*/* (S;/D, — 1) (Re)™* 


The equations here presented are sufficient for the design of a 
tubular regenerator which will make the most effective use of 
. the surface employed. 


B Derivation of Relationship for Optimum Performance. 

The analysis of tubular design for optimum performance is 
predicated on the thesis that the ratio of the mass velocities on the 
two sides is the primary variable. 
tion on the optimum ratio of mass velocities is treated as a 
second-order effect. 

The several design equations must be arranged to express the 
variation of total friction power loss and of total resistance to 
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c 
66 +-1.00 
6.4 7 
\ 64 
LN 
62 
60 \ 
\\ 6.0 
58 \ 
j 5.8 : 
56 wan 2.00 
54 \ = 
: 54 
3.00 4 
= 0.30 }— 
46 = 
44 - 
7 10 12 #14 16 1® 20 22 24 26 28 30 
10 12 14 16 #18 20 22 24 26 28 30 ; . fe 
Fic. 14 Constant Cs as FunctTION or Tube Spacinc: FLow oF 
Fic. Constant Cs as a Function or Tupe Spacine; or Arr Across STAGGERED TuBEs 
Air Across In-Line Tupes 
The heat transfer on the inside of the tube-is given by Equa- ; " 0.10 
tion [45] which becomes . 0.60 : - J 10 
q 
0.023 D,'*x(c,) 
A, = (D,, ib, {60} Fic. 16 
0.50 
Si/Do 
H, = i61] | 
300/|_] 
; For the fluid on the outside of the tube a similar rearrangement } 
1 is carried through. -From Equation [53] 
G2 4C G 2 0.30 T 2.00 
29 RT, te)” 13 ‘29 | 
4 
Instead of a friction factor f, based on the number of tubes, | 
: in the direction of gas flow, one can express pressure loss by a / | 
drag factor ¢ based on the ratio of surface area to net open‘area L we 
= 
= [rD,/(S; — D, = 4/(S,/D, — 1). 
(AP/P), = ¢ — S) 0.10 
29 RF, 10 12 14 16 18, 20 22 24 26 28 30 
Cy G, 2 v, 2 Sy/ 05 
~ 2g RT, (S;/D, 
Ho) r/ 1) Fr Constant Cp as A FuNcTION oF Spacinc; FLow oF 
Arm Across In-Line Tues — 
= Ci(Sr —*__— (values for Cy are given in Figs. 15 and 16) 
[65] abs (AP/P.)W, = ..... 


2gRT, 


. 


Multiplying both sides of Equation [64] by W = GS 


ARONSON—DESIGN OF REGENERATORS FOR GAS-TURBINE SERVICE 
C9 1.50 then 
| ++ Y ilies The heat-transfer equation is obtained from Equation [52] 
| 2.0074 1.10 (cy). G, 109} 
| Z pr’ 
WA 
0.50 
| 7 1.10 C2 (¢,), 
2 
ia | _ then 
( i This completes the establishment of equations to represent 
f- ; performance on each side of the heat exchanger. The over-all 
0.30 1 performance is given by 
| + R (resistance). ....... [72 
100 
y, Substituting Equations [62] and [71] in Equation [72] and re- 
arranging 
én 
10 12 14 16 18 20 22 24 26 28 30 a “ 


Fic. 16 Constant (Cs aS A FuNcTION or TuBE Spacina; or 
Arr Across Sticcerep TUBES 


= — 
H.G,0* 


x 
Fic. 17 Tusurar Recenerator ON Locomotive Gas TURBINE 
> = 
« 


Na 
> 
vin 
: 
PRES 


G. = [75 
(H,)(R | [75] 


The total friction power loss is given by - , 


(AP/P)W = (AP/P),W,; + (AP/P),W,....... [76] 
Substituting the values of the individual friction power losses from 
Equations [59] and [68] in Equation [76] gives 


(AP/P)W = + K.G,*....... 
Substituting the value of G, from Equation [75] in Equation [77] 
gives 
(AP/P)W = K.G.25 + K, (78] 


The optimum arrangement to obtain a given over-all heat 


transfer coefficient UA occurs when (AP/P)W is a minimum’ 


= 28 KG, 
0G UA 


0.6 (R — $)3. 47/0.6 (G;)!.8 


Setting this derivative equal to zero will give the minimum for 


(SP/P)W 


2.87 \ (K,) (0.8) 
0.6 (1/H,G,°9) 47/08) 


(2.87) (0.8) 
(0.6) H 


= 2.8 K.G4 — 


G* (2.87) (0.8) K,H, 
~ (2.8) (0.6) K,H, 


Substituting the values of K,H,/K,H,; in Equation [79] and 
simplifying, results in the ratio of G values for optimum pe r- 
for mi 


G, 1° 10) (2) (Cs) =| 
G, (0.046) (0.023) 


0.4 2 0.278 
D T, 
GY 
By D; 
1.37 (1.10) (C2) (Cy) (the values of C; are given 
Let CG = (0.046) (0.023) _ in Figs. 11 and 12) 


G C; 0.11 
.. {81 


. This ratio of mass velocities is seen to be largely a function of 
the ratio of specific volumes. The value of the constant C; 
changes only slightly with tube configuration. Reynolds number 
on the outside of the tubes comes in only to a low power. The 
-viscosity, temperature, and diameter ratios have only a small 
effect. This optimum ratio can be used to arrive at the design 
parameter F given in Equation [48] or it can be used in any other 
design procedure to arrive at final performance values. 


978 | TRANSACTIONS OF THE ASME OCTOBER, 1950 

solving for Gy gives *. 


These equations have been used for designing a tubular re- 
generator for the same conditions as given previously for th€ 
extended-surface type. Predicted performance values are given 
in Table 1 for two alternate tubular designs. In one design the 
-effectiveness is kept the same as for the extended surface. 
The much higher pressure drop for tubular design is strikingly 
apparent. In the other design the pressure drop is kept approxi- 
mately the same as for the extended-surface type and as a result 
the effectiveness is considerably reduced. Offsetting this poorer 
thermal performance is the much smaller amount of actual metal- 
surface area employed in the tubular design. 

Comparisons under other conditions can readily be made by 
means of the equations presented here. 
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Correlation of Plastic Deformation During 
Metal Cutting With Tensile Properties 
| of the Work Material = racer 


An experimental correlation of plastic deformation oc- 
curring during metal cutting with the plastic deformation 
in tension of the work material; an analysis permitting 


comparison of these two states of strain is presented. - 


Orthogonal cutting of seamless steel tubing was employed 
for feeds of 0.0025-0.0085 in. per revolution (ipr), and posi- 
tive rake angles of 25-45 deg. Deformation and forces of 
cutting were obtained from chip measurement and from 
a tool dynamometer employing resistance strain gages. 
The agreement obtained indicates that the tensile proper- 
ties of the work material may offer a useful index to metal- 
cutting performance. 
4 
NOMENCLATURE 
The following nomenclature is used in the paper: 
F, = thrust force, lb; measured in direction of motion 
-of tool by tool dynamometer in orthogonal 
cutting 


cutting force, lb; measured perpendicular to di- 

. rection of motion of tool by tool dynamometer 
in orthogonal cutting 

final and original length, respectively, in.; refers 
to chip length in metal cutting and gage length 
in tension testing 

original and instantaneous diameter, respectively, 
of neck in a tension bar, in. 

rake angle, deg; measured in plane perpendicular 
to cutting edge 

shear angle, deg; angle between shear plane and 

: surface being generated, measured in plane per- 
pendicular to cutting edge 

area of shear plane, sq in. 

7,, = mean shear-stress on shear plane (in metal 
cutting) psi 

shearing strain of chip during removal in metal 
cutting 


he 


&,, ¢,, ¢, = normal true stresses at a point in a deformed metal, 
measured parallel to three co-ordinate directions 


Z, y, 2, respectively, psi 


. Tey) Tye: Tex = Shearing stresses on planes perpendicular to co- 
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ordinate axes of first subscript, and in direction 
of second subscripts, psi 


é,, &y, & = finite plastic true strains associated with the nor- 
mal stresses respectively 
Yyz Yys Yer = Shearing strains associated with shearing stresses 


Tey» Taxi TeSpectively 


Effective true stress = 


+ 
( 2 ) ( ) + + + Tos") 
(complex stress function, psi) 

Effective finite plastic strain = 
(Yay? + + Yee”) 


2 
3) 2 
W. = work done in cutting per unit volume of metal 
removed, in-lb/in.* 

W, = work done in shearing per unit volume of metal 
removed, in-lb/in.* 

loge = natural logarithm 
initial thickness of chip, in. 
initial chip width, in. 
INTRODUCTION 


Tool life, the time a tool remains serviceable under a given set 
of conditions, is probably the most important practical index of 
machinability. An appreciable amount of data is now available 
which can be expressed by the formula V7" = C, where V is cut- 

- ting velocity in feet per minute, 7’ is tool life in minutes, n and C 
are constants depending on the cutting conditions, nature of work 
material, and other factors. While this relationship between 
velocity and tool life is quite general, the constants n and C hold 
only for specific conditions. For each new condition of metal 
cutting for which no information is available, time-consuming 
and costly experiments must be performed to find the numerical 
-values of these constants. Consequently, a correlation of tool 
life with physical constants pertaining to the cutting condition, 
similar to the correlation of friction factor with Reynolds modulus 
in hydrodynamics, would be an important contribution. 

In order to establish a general functional relationship of tool 
life with physical constants of tool work, conditions in the cut- 
ting zone, such as temperature, abrasiveness of the work at this 
temperature, the mechanics of metal cutting, and the state of 
plastic deformation of the chip must be established. It is the pur- 
pose of this paper to discuss the mechanism of metal cutting and 
to correlate the state of plastic deformation of metal cutting 
with that of the tension test. 

In this investigation, orthogonal cutting of seamless steel 
tubing was used with values of feed from 0.0025 to 0.0085 in. per 
revolution (ipr) and positive back-rake angles on the cutting tool 
of 25 deg, 35 deg, 40 deg, and 45 deg. Cutting was done dry 


with a high-speed-steel tool at approximately 90fpm. 
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EXPERIMENTAL TECHNIQUE 


Orthogonal cutting, in which a straight-edged cutting tool 
moved relative to the workpiece in a direction perpendicular to 
its cutting edge, was employed. The cutting conditions were 
such as to yield continuous chip formation without a built-up edge 
‘on the tool. This type of chip formation has been designated as a 
type-2 chip (1).* 


The force system for a cutting, developed by Mer-. 


chant (2) is shown in Fig. 1. The resultant force R may be re- 
solved into components, the cutting force F¢, and the thrust force 


3. 1 Force System Actinc on Cute Durtnc OrtTHOGONAL CuT- 


TING 


Fy, which were measured by the tool dynamometer employed. 
Resolution of the force R along the shear plane, designated by the 


perpendicular to the shear plane. , The force of friction is repre- 
sented by F, and the force component perpendicular to the tool 
face by N. The friction angle and back-rake angle are repre-. 
sented by « and a, respectively. The lack of collinearity of R 
and R’ is not significant and has been so shown by others (2). 

On the basis of Merchant’s analysis, it has been shown that the 
work of cutting is . 


where t, and w, are original chip thickness and width, respec- 
tively. 


The work of shear is obtained from the relationship 


W,=r or (W, = S,¢, secording to Merchant). 


where y,, = cot @ + tan (¢ — a), ead r,, iS the shear stress on 
the plane designated by the angle 9. 

The shear angle ¢, is determined from the chip geometry by the 
ee ing expression providing the chip width remains constant 


=— — — sit 
an @ i, sin @ 


where J, and / are the initial and final chip lengths, respectively. 

Metal cutting was done by machining the end of a short section 
of 6-in-OD, 0.475-in wall thickness, seamless steel tubjng. The 
tubing was in the “‘as-received”’ or unannealed condition. The 
cutting tool, of high-speed steel, was clamped in a special holder 
mounted on the compound rest of an engine lathe. The tool was 
pr on center and fed perpendicularly to the end of the tube which 
was clamped in a four-jaw chuck. Cutting was done dry, at 
57 rpm, or approximately 90 fpm. This cutting speed was 
selected to obtain a moderate strain rate in the chip. 


zzize 


‘Numbers in parentheses refer to the Bibliography at end of 
the paper. 
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shear angle ¢, results in F's, the shearing force, and Fy, the force. 
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The tool dynamometer had as its ‘measuring elements SR4 
type A-5 electrical strain gages. The gages were mounted as 
shown in Fig. 2, with two active gages in adjacent legs of a con- 
ventional bridge circuit for each force determination. This ar- 
rangement increased sensitivity and also provided a means of 
eliminating temperature effects. Coolant was circulated through 


2 PAIR, SR-4 TYPE AS STRAIN GAGES 
TOP-BOTTOM PAIR RESPOND TO F, 


LEFT-RIGHT 


PAIR RESPOND TO F, 


FRONT CLEARANCE 6° 


Fic. 2 Drawinc or Toot DyNaMomeTeR USED IN 
MEASURING ORTHOGONAL CuTTING-ForRcE COMPONENTS, Fc AND F7° 


the tool shank so that heat generated during cutting did not 
produce a temperature differential between the strain gages. 
The stability of the gages was maintained by protection with 
wax, Ozite, and a metal shield. 

The calibration of the dynamometer utilized a 5000-Ib proving 
ring. The calibration for the thrust force F7, was accomplished 
with the tool clamped in the holder used for cutting and mounted 
on the compound rest. Force was uniformly applied to the cut- 
ting edge through the proving ring by means of special adapters 
and manual carriage motion. The dynamometer calibration for 
the cutting force F-, was performed with the tool mounted in its 
‘holder and clamped to the table of an upright drill press. The 
force was applied uniformly to the cutting edge (similar to Fp), 


.by using manual spindle travel. 


The dynamometer was designed so that the measurement of 
one force was independent of the other. The calibrations proved 
that this design criterion had been achieved. Simultaneous re- 
cording of Fr.and F¢ was obtained by using strain recorders. The 
time of cutting varied with conditions and was dependent upon 
attaining equilibrium values of forces and a representative 
number of chips. Since the chip width remained constant, the 
relationships previously presented are applicable. The initial 
conditions of chip thickness, and length, ¢, and 1,, were deter- 
mined from the feed and outside diameter of the tube, respec- 
tively. A reference point for measuring the final chip length, 
lL. was established by cutting a shallow longitudinal slot in the 
‘outside surface of the tube. This measurement was facilitated 
by the fact that the chips did not curl during removal. 

Specimens for the tension test were cut from the tube wall so 
that’ their axes coincided with that of the tube. The gage section 
was 1!/, in. long and 0.250 in. diam. 

The experimental data of the metal-cutting tests are presented 
in Table 1 and are shown graphically in Figs. 3 to 6, inclusive. 
Although these data are not the primary objective of this investi- 
gation, they show some interesting trends which also establish 
their consistency. 

Figs. 3 and 4 indicate the effect of —_ rake and feed, respec- 
tively, on the tool forces. It may be ‘noted that the change in 
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TABLE 1 TABULATED TEST DATA AND CALCULATED RESULTS; ORTHOGONAL END 
CUTTING OF SEAMLESS STEEL TUBING 


(Coriditions: Dry cutting, 90 fpm, and constant chip width, $0. 0.488 in.) 
or’ 


7 Work of cutting, 
Back- Cutting Thrust shear, We Effective 
rake i force, force, Shear Shear Ws, 1000 1000 
angle, Fe, Fr angle,¢,strain  in- “+ in-lb/ 


8 


COW 


¢ 


8 


F, - THRUST FORCE - LB 


F, - THRUST FORCE - LB 


= 
PARAMETER 
_BACK RAKE ANGLE 


F,- CUTTING FORCE -LB. 


25 40 4 0002 0004 0006 0008 
BACK RAKE ANGLE — DEGREES FEED - IN. PER REV. 


Fic. Errect or Bacx-Rake ANGLE oN Forces ror’ Ficg.4 Errect or Feep on Cuttrine Forces ror CONSTANT Back- 
Constant Feep VALUES Rake ANGLES 


6 


—~ 


= CUTTING WORK — IN-LB. PER CU.IN 


0002 0004 0006 0008 0002 0004 0006 0O008 
FEED - IN. PER REV. FEED - IN. PER REV. 


Fic. 5 Errect or Freep on Work or Cuttinc ror Constanr Fic. 6 Errect or Freep oN Work or SHearR DerorMATION FOR 
Back-RaKe ANGLES Constant Back-RakKe ANGLES 


: 
| 
6 0.58 107 
| | | | ac. ‘ 
320 ~ PARAMETER 10" x240 '™ & 
220 | 140 BACK RAKE ANGLE 2s° 


feed results in a greater change in the cutting force than in the 
thrust force. Figs. 5 and 6 show’ the amount of work expended 
per unit volume of metal removed in cutting and in shear deforma- 
tion, respectively. Examination of these figures indicates that 
the work expended for rake angles 45 deg, 40 deg, and 35 deg is 
appreciably lower than that expended for the 25-deg back-rake 
angle, This behavior might be attributable to the presence of a 
nonobserved built-up edge. 


Discussion 


The metal of the chip during metal: cutting is severely de- 
formed and, therefore, is in a highly work-hardened state. It is 
possible to compare this state of work-hardening with that ob- 
tained by any other deformation process by application of a 
theory of plasticity (3, 4), providing the states are calculable and 
the metal under consideration satisfies the assumptions made 
in the ideal theory. * The assumptions are as follows: 


* (w) The metal is isotropic. 

(b) The metal is homogeneous. ‘ 

(c) The stresses are linear functions of the infinitesimal plastic 
strains. A 

(d) Temperature, deformation rate, and hydrostatic pressure 
do not affect the state of plastic deformation. 


While real metals do not behave ideally, it has been shown (5) 
that low-strength aluminum alloys, magnesium alloys, and mild 
steel satisfy the foregoing assumptions t6 a good degree of approxi- 
mation when equivalent states of work-hardening in tension, 
compression, and torsion are compared. The following section 
will be devoted to the development necessary for correlation 
between the plastic state in a chip and in a tension bar by ap- 
plication of this theory of plasticity. 

If the previously stated assumptions are satisfied, it can be 
shown that equivalent states of work-hardening can be repre- 
sented on an effective stress-effective plastic strain curve. Two 
complex stress and strain functions‘utilized in the correlation are 
Effective stress = 
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Since &, is the only stress, the effective stress reduces to i 
shear 
Effective stress (in tension) = &, 


The finite plastic strain é, in the axial direction can be deter- 

mined from measurements of the original gage length and the 
length at any stage of the deformation.up to the maximum load Since th 
strain redt 


l 
where |, and / are initial and fina! gage length, respectively. 
After the maximum load has been exceeded, the specimen necks Howeve 


and the deformation ceases to be uniform over the gage length. 
The axial strain, however, can be obtained from measurements of 
the minimum diameter in the neck for constant volume deforma- 


late the ef 
Tyz = Try 


therefore | 


tion cannot be 
D of stress is 

D nated fro 

where D, and 2 are initial and instantaneous diameter, respec- Gas 
tively, at any stage of deformation. Effec 
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By use of the constant-volume relationship, the effective plas- 
tic strain can be evaluated in terms of the normal strains 


but 


therefore 


Substituting these values of strain into Equation [5] results in 


Effective plastic strain (tension) = é,......... sure in ‘ 
this ma) 


the only 


2 


Effective plastic strain = 


3 2 


The work of plastic deformation for any particular state of de- 
formation is given by the area under the curve from zero strain 
to the value under consideration. 

While the stress or strain path employed does not affect the 
validity of the universality of the effective stress-effective plastic 
strain curve, it is only possible to determine the plastic state in a 
few simple cases. 
the finite strains under the radical of the effective strain are con- 
structed, are not perfect differentials. The finite strains are, 
therefore, path dependent and can be obtained by integration only 
if the stress or strain path is known. 
tion it is assumed that the stress ratios remain constant during 
the entire deformation, thus permitting the evaluation of .the 
finite strains in terms of quantities measurable before and after 
the deformation. With this additional assumption, it is possible 
to calculate the plastic states for tension and metal cutting. 

The Tension Test. Let the 2z-co-ordinate axis be coincident 
with the axis of the test bar. Therefore, &,, is the true stress 
resulting from the applied axial load 


A xial load 


z = 
Instantaneous area 


+ 3 +.7,.7 + 


+ 4 + Vos" + Yex*) eee 


The infinitesimal plastic strains, from which- 


In the present investiga- . 


show sc: 
vestigat 
valid an 

Fig. § 
volume 
metal ¢ 


based u 
.is identical with the-true stress-true plastic strdin curve in tension. 
When necking occurs, the stress ceases to be uniform as has been 
shown by Bridgman (6). In general, however, the error intro- 
duced by assuming a constant stress across the section is not sig- 
nificant. 
Metal Cutting. Merchant (7) has shown that it is possible to“ 
obtain an analysis of the metal-cutting process by assuming that — 
. the deformation is simple shear. The shearing process is visual- 
ized to take place on a plane making an angle ¢ with the original 
work surface, as shown in Fig. 1. The slight curvature of the, 
shear plane observed from photomicrographs has been neglected 
in the analysis. The deformation stress r,, on this plane is ob- 
tainable from the measured tool forces, while the shearing strain 
22 is calculable from chip-deformation measurements 


F.. sin cos — Fp sin? 


13 
Tes [ ] 
Ye. = cot @ + tan (@ — a@)............ {14] 


where ¢, and w, are the initial thickness and width of chip, respec- _ 


tively. 
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In addition to the shearing stress, a normal stress,é, acts on the 
shear plane 


Fe sin? Fr sin cos 


{,W, 


Since the analysis is based only on the shear strain, the effective 
strain reduces to 


Effective strain (metal cutting) = = Yess Yeo ™ Yes (16} 

However, a further assumption must be made in order to caleu- 
late the effective stress. Since r,, is the only shear stress acting, 
Of the normal stresses, only &, is known; it is 
therefore necessary to assign values to é, and @,. While values 
cannot be fixed, a priori, ‘it is reasonable to assume that the state 
of stress is that of hydrostatic pressure on the shear plane. Under 
this condition, the three normal stresses are equal and are elimi- 


Tyz = Try = 0. 


nated from the effective-stress expression, Equation [4]. The 
effective stress, therefore, reduces to 
Effective stress (metal cutting) = V3 riz; ter = Trz... [17] 


Correlatton Between Tension and Metal Cutting. Fig. 7 shows 
the calculated metal-cutting data and the stress-strain curve ob- 
tained from tension tests for the same material. The solid line 
represents the experimental data from tension tests which were 
extrapolated to higher values of strains than those achievable in 
Such 
for example, higher strains 
It is evident that there is good 
agreement between the tension data and the metal-cutting data. 

The fact that the effective stress values for a given rake-angle 
group about a particular strain value indicates that factors not 
taken into account are active. Merchant (7) proposes that the 
normal stress on the shear plane (a condition of hydrostatic pres- 
While 
this may be an important factor, it is not clearly proved to be 
the only factor, as the experimental data, reported by Merchant, 
show scatter when the normal stress is considered. Further in- 
vestigation is necessary to establish which assumptions are not 
valid and what other variables must be considered. 

Fig. 8 shows a comparison of the work of deformation per unit 
volume of metal removed as calculated from the shear work of 
metal cutting and from the tension test. The deformation work 
based upon tension was obtained by evaluating areas under the 


tension, as shown by the dashed portion of the curve. 
extrapolation is not unreasonable; 
may be obtained in torsion. 


sure in the present Analysis) influences the shear stress. 
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effective stress-effective plastic strain curve, presented in Fig. 7 
An empirical equation was determined for this curve 


Effective stress = 110 X 10° (effective plastic strain): [18] 


Work of deformation for given shear-strain values was deter- 
mined by integration of the equation between limits of zero strain 
and the corresponding effective plastic-strain value. 

From the comparison it is seen that the work of deformation, 
as determined from the metal-cutting analysis, exceeds the de- 
formation work based upon the tension test for all cutting eondi- 
It is felt that the present 
information is insufficient for an adequate explanation of this 
anomaly and that further investigation should be made. 


tions employed in this investigation. 


CONCLUSIONS 


1 The results of the investigation have shown that metal- 
cutting data can be correlated with tension data for orthogonal 
cutting and the test conditions employed. 

2 The tension properties of a material may offer a useful index 
of cutting performanee. 

3. The work shear deformation, caleulated from 
metal-cutting data, results in larger values than that determ ned 
from the tension test for equivalent states of deformation. 

4 Further application of the plasticity theory should vield 
information which could give a more basic understanding of 
metal cutting. 


done by 
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Discus sion . 


M. Evcens Mercuant.$ 
much-needed information 


The authors have contributed some 
by carrying out cutting tests and 
tensile tests on the same material, and then comparing the me- 
chanical properties of the material as calculated. from the data 
obtained on the two types of tests. They ‘are to be congratu- 
lated on the manner in which they have carried through the test 
work and analysis; such information serves to clarify further 
* the fundamentals of the cutting process-and their relation to the 

mechanical properties of the metal being machined. 

The mathematical analysis which the authors have used to 


compare the metal-cutting results with those from the tensile tests * 


provides good correlation between the two sets of data. How- 


ever, this mathematical analysis is based on certAin assumptions . 


which are questionable when applied to the metal-cutting proc- 
ess. Therefore it appears somewhat fortuitous that such good 
agreement was obtained. In particular, the main basis for the 
mathematical theory used to compare the two sets of data is that 
states of work-hardening occur in the plastic deformation taking 
place on the shear plane in metal-cutting which are equivalent to 
those obtaiyed in a normal tensile test. The fallacy here is 
brought out by Drucker,® who points out that in the process of 
metal cutting virtually no work-hatdening of the metal occurs 
on the shear plane because of the extremely high strain rates 
involved in the cutting process. (The ‘“‘work-hardening” actu- 
ally observed in hardness measurements on chips virtually all 
occurs after deformation on the shear plane is complete, since 
work-hardening is a “rate-process,”’ like a chemical reaction!) 
In the tensile test, of course, work-hardening does occur, since 
the rate of strain is quite low. Further, the very fact that an 
extremely high strain rate is involved in the cutting process, 
compared to the very low strain rates involved in tensile tests, 
will have a marked effect on the actual shear strength of the 
metal in the two cases; shear strength is known to increase with 
increasing strain rate. Therefore, in the two types of deforma- 
tion in actuality there can be no, comparable states of twork- 
hardening, and so the basic premise of the authors’ theory is 
not met. 
Nevertheless, it appears from the test resylts reported by the 
authors (as well as from data obtained in the writer’s laboratory, 
as will be shown shortly) that reasonable agreement can be ob- 
tained between mechanical properties observed from cutting 
tests and those observed from low-strain-rate tests. The reason 
for this fortunate result is not immediately evident; it appears, 
however, that the complicating factors involved tend to balance’ 
each other. Presumably, the “weakening”’ effects of the absence 
of work-hardening and the local heating on the shear plane in 
cutting offset the “strengthening” 


effect of the very high strain 
rate reasonably well. 


The net result apparently makes the stress 
values obtained from the two types of tests very nearly equal, 
for the range of strains and strain rates usually found in machin- 
ing. 
Another factor which the authors have (admittedly) negleeted 
in making the comparison between the tensile-test data and those 
from metal-cutting is the effect, of compressive stress (or hydro- 
static pressure) on the actual values of shear stre ngth calculated 
from metal-cutting data. ‘ 
As pointed out previously by the writer,’ the shear strength of 
the metal on the shear plane in metal cutting is raised by the 
presence of a high value of compressive stress acting on that 


Senior Research Physicist, The Cincinnati Milling 

Company, Cincinnati, Ohio. Mem. ASME. : 
¢**An Analysis of the Mechanics of Metal Cuttin 

Drucker, Journal of Applied Physics, vol. 
7 Refer to authors’ bibliography (7). 
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plane. No such compressive stress acts on the slip processes oc- 
curring in the tensile tests. (In fact, the reverse is true.) There- 
fore the values of shear strength calculated from the authors’ 
metal-cutting data ought, in all fairness, to be corrected to a value 
of zero compressive stress (at least), if they are to be compared 
with strength values from the tensile tests. This can be done, 
approximately, for the data presented by the authors, by extra- 
polating the shear-strength versus cOmpressive-stress data back 
to zero compressive stress, making use of metal-cutting theory. 
When this is done, it is found that the calculated shear strength 
(7,,) for the steel used by the authors is approximately 60,000 psi 
(this value is independent of strain since no work-hardening occurs 
in the metal-cutting process, as previously mentioned). Thus 
the effective stress value (“37,,) is approximately 100,000 psi. 
This value is still reasonable agreement with the authors’ 
tensile-test data. 

Actually, to be wholly fiir, the tensile-test data ought also to 
be corrected to a value of zero hydrostatic pressure, which would 
increase the effective stress values somewhat. No effort has 
been made to do this, however, since the effect probably would 
be slight, and no provision for such correction has been made 
in the theory of plastic deformation used by the authors in ana- 
lyzing the tensile tests. 

Comparisons between metal-cutting data and data obtained 


from low strain-rate tests of mechanical properties, somewhat 


similar to the comparison reported by the authors, have been 
carried out in the writer's .laboratory** recently. However, 
these low-strain-rate tests were made by quite a different method 
from the tensile tests employed by the authors; a method devel- 
oped by: Bridgman” was used wherein notched tubular specimens 
are tested in torsion while subjected to an axial compressive 
force. Here again, surprisingly good correlation between the 
metal-cutting data and those obtained from this torsion-compres- 
sion type of test’ was obtained, even though the strain rates and. 
corresponding work-hardening states were very different. A 
comparison of the values of shear strength calculated from the 
two types of, tests at comparable values of compressive stress and 
shearing strain are given in Table: 2 of this discussion. It may 
be seen that the shear-strength values calculated from the two 
types of tests agree surprisingly well, considering the great dif- 
TABLE 2 ‘COMPARISON OF SHEAR-STRENGTH VALUES OB- 

SERVED FROM TORSION-COMPRESSION-TYPE TESTS WITH 


THOSE OBSERVED FROM METAL-CUTTING TESTS, AT EQUIVA- 
LENT VALUES OF COMPRESSIVE STRESS 


(Shearing strain = 2.4 — 3.0) 


-—-Observed values of-——~ 
Value of com- shear strength, 1000 psi 
. pressive stress Torsion- Metal- 
at which com- compression cutting 
- Steel pared, 1000 psi test. test 
60 63 67 
SAE 3150 (spheroidized)....... 89 
SAE 3150 (pearlitic)........... 110 - 88 86 
110 93 \ 88 


ferences that exist betweey the conditions of deformation in the 
two cases. 

In metal cutting three mechanical properties of the material 
being machined control the forces acting on the cutting tool.’ 
These are as follows: 


1 Shear strength of the material. 

2 Machining constant of the material (a property of the ma- 
terial, the value of which, in theéry, depends upon the rate of 
increase of shear strength with applied compressive stress). 


8 ““Porsion-C ompreasion Testing,” 
Cincinnati Thesis, 1947. 

*Torsion-Compression Testing,”’ by E. J: Krabacher and K. W. 
Whisler, University of Cincinnati Thesis, 1949. 

10 “On Torsion Combined With Compression,”’ by P. W. Bridgman, 
Journal of Applied Physics, vol. 14, 1943, pp. 273-283. 


- J. Kemeny, University of 
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3 The coefficient of friction between the cutting tool and the 
flowing chip. 


Of these three quantities needed to predict cutting forces in 
machining, only the first can be obtained from a tensile test by 
the methods used by the authors. The torsion-compression type 
of test mentioned has the advantage not only of giving values of 
shear strength, but also of providing theoretical values of ma- 
chining constant; the increase in (torsional) shear strength as 
increasing axial compressive force is applied to the tubular test 
specimen can be observed in this type of test. Again, reasona- 
bly good correlation with metal-cutting data is obtained, as 
shown by the values of machining constant given in Table 3 
herewith. Here the agreement is not as good as for the shear 
strength values (Table 2), but still serve well enough for a first 
approximation. 


TABLE 3 COMPARISON OF VALUES OF MACHINING CONSTANT 

OBSERVED FROM TORSION-COMPRESSION TYPE TESTS WITH 

THOSE OBSERVED FROM METAL-CUTTING-TESTS, AT EQUIVA- 
LENT VALUES OF SHEARING STRAIN 


— Observed values of ma-—~ 
chining constant, degrees 


‘Value of shear- Torsion- Metal- 
ing strain at compression cutting 
Steel which compared test test 
2.15 85.0 77.0 
SAE 3150 (spheroidized). . ; 3.11 84.5 76.0 
SAE 3150 (pearlitic).......... 3.15 74.0 70.8 


: 
In conclusion, we again wish to congratulate the authors for 
their fine beginning on the exploration of fundamentals in metal 
cutting. It is pleasing to note from the concluding paragraph 
of the paper that the present work does, in truth, mark only a 
beginning and that we may look forward to further interesting 
reports in this field from the authors, 


Mitton C. Suaw.'! The authors have presented a most 
interesting discussion of the application of the distortion-energy 
This idea of con- 
sidering the states of stress in two bodies as equivalent when the 
same energy of distortion is associated with each is another of 
the many contributions of James Clerk Maxwell (1856).'?. The 
distortion-energy theorem represents the plasticity condition 
that has been most successful to date in relating the flow char- 
acteristics of two homogeneous bodies of different geometry and 
stress distribution. This method is one way of introducing the 
effect of strain-hardening into the theory of cutting. 

The authors have listed carefully the assumptions upon which 
the distortion-energy theorem is based. These might be con- 
sidered briefly in light of the experimental results. Despite the 
fact that all metals are far from homogeneous, the size or mean 
period of the inhomogeneity is generally very small compared 
with the size of the body undergoing plastic flow, and good re- 
sults are obtained by treating the material as a homogeneous 
continuum. However, when the specimen is small, the fact that 
the material is actually inhomogeneous becomes more important. 
For example, the distortion-energy theorem indicates that all 
tensile-test specimens made from a given material should have 
the same ultimate stress regardless of diameter of the specimen. 
This is not the case however, for it is found that as the diameter 
is decreased below a particular diameter, the ultimate stress in- 
creases. This size effect is to be expected whenever strain 
hardening occurs in an inhomogeneous material. 


theorena of plasticity to the cutting of metals. 


't Associate Professor of Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. Mem. ASME. 

1 Letter by Maxwell to William Thomson dated Dec. 18, 1856, 
published in Proceedings of Cambridge Philosophical Society, Part 
V, vol. 32. 
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In the cutting process, the depth of cut corresponds to the 
diameter of the tensile-test specimen, and it is apparent that in 
cutting we are generally dealing with small specimens. It is not 
surprising, therefore, that the authors’ test points fall above the 
tensile-test data for the '/,in-diam specimen in Fig. 7 of the 
paper, and further that the cutting-data points lie an increasing 
distance above the tensile curve as the chip size decreases. 

The writer recently has completed work on a theory of cutting 
which takes strain-hardening and the inhomogeneity of the metal 
cut into consideration. This analysis, which will be published 
elsewhere, is in good agreement with the authors’ data and shows 
quantitatively that the shear work to remove a cubic inch of 
material increases as the depth of cut decreases, as may be seen in 
Table 1, Fig. 8, of the paper. It might be remarked at this point 
that the reason for the increase in specific shear work with rake 
angle (for a given depth of cut), as shown in Fig. 8, is due to the 
increase in the shear strain arising in the cutting process as the 
depth of cut is decreased. 

The assumption regarding the unimportance of temperature 
and the rate of strain in application of the distortion-energy 
theorem might also be considered. The true stress-strain curve is 
usually obtained wader essentially static conditions, while the 
cutting process, on the other hand, involves a very high rate of 
strain. From photomicrographs it is evident that nearly all of 
the large strain that occurs in cutting takes place as the metal 
crosses the ‘‘shear plane.” If this were truly a mathematical 
plane, we would have, in the cutting process, strain at an infinite 
rate. Actually, we may say the rate of strain in cutting is very 
high. 

Since nearly all of the energy associated with the plastic- 
straining of metals appears in the form of heat, it is evident that 
& significant temperature rise is to be expected in the essentially 
adiabatic straining process of cutting, while a relatively small tem- 
perature rise is to be expected on the shear plane in the nearly iso- 
thermal-straining process of the ordinary true stress-strain test. 
The temperature on the shear plane is apt to be far more signifi- 
cant in the cutting process than in other processes to which the 
distortion-energy theorem is applied. Thus it is evident that 
the extreme conditions of size and rate of strain that are met in 
the cutting process provide a serious test of the assumed inde- 
pendence of strain mechanism and the temperature effect in 
Maxwell’s distortion-energy theorem. 

The authors have assumed the normal stress on the shear 
plane to be a manifestation of the presence of a hydrostatic pres- 


‘sure. This leads naturally to the result that the state of stress in 


cutting is independent of the normal stress on the shear plane, 
which, however, is in disagreement with Merchant's theory of 
cutting. The fact that the authors’ analysis is in such good 
agreement with experiment (except for the afore-mentioned size 
effect) indicates strain-hardening and not the influence of normal 
stress on the shear plane to be the important item. It is there- 
fore enlightening to examine the authors’ data according to 
Merchant’s analysis.” 

In Fig. 9, herewith, the authors’ data are shown plotted with 
normal stress against shear stress. According to Merchant, all 
of these points should be along a single straight line. Therefore 
we might choose either of the lines shown. According to Mer- 
chant’s plasticity condition, when the observed shear angle ¢ is 
plotted against the quantity (r — a), where r is the friction angle, 
and a@ the rake angle, a straight line should be obtained whose 
equation is 


@ = '/2(r —a) + cot K........... [19] 


where K is the slope of the line in Fig. 9. 
The authors’ data points are shown as circles in Fig. 10 of this 
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discussion, while the two lines corresponding to those of Fig. 9 
are shown solid and dotted. The dash line corresponds to a value 
of K of zero(i.e., the case corresponding to the authors’ finding that 
shear strength is independent of normal stress on the shear plane). 
Most of the authors’ data are seen to be in better agreement with 
the dash line corresponding to K = 0. Only those points cor- 
responding to a rake angle of 25 deg are in agreement with the 
solid curve, and there is apparently no justification for the dotted 
curves in Figs. 9 and 10. 

Actually, it would appear that the test points lie along or some- 
what below the dash line in Fig. 10, the distance below the line 
The increase in tempera- 
ture on the shear plane which accompanies strain has not been 
included in the analysis leading to the upper line in Fig. 10, but 


if included would move the line vertically downward an incréas- * 


ing amount as the shear energy increased. This could account for 
the fact that points fall progressively farther below the upper 
line in Fig. 10, as the rake angle is increased, for as previously 
mentioned, the amount of strain, and hence the shear work re- 


quired to remove a cubic inch of metal, also increases as the 


rake angle is decreased. It would thus appear that the authors’ 
data are in full support of the view that strain-hardening is an 
important consideration in the metal-cutting process, and further 
that the influence of normal stress on the shear plane i is eet 


insignificant. 


CLOSURE 


The authors are appreciative of the discussions submitted by 
Dr. Merchant and Professor Shaw. It is gratifying to note their 
interest in the paper as evidenced by the comments. However, 
there exist some areas of disagreement which we believe will be 
resolved only by further experimental investigations. 

Merchant’s comments hinge ‘essentially upon two éonsidera- 
tions, (1) absence of work-hardening effect during metal cutting 
as postulated by Drucker and (2) the effect of compression upon 
shear strength as reported by Bridgman. The large variation 
in strain — is the basis for Merchant’s comment that the 


TRANSACTIONS OF THE 


ASME 


50 
40 
ed 
30 
WwW 
20 
10 


q ag "> 10 20 30 40 


Fie. 10 


two states of work-hardening (metal cutting and tension test) are . 


not comparable. The authors’ simplifying assumption (d) re- 


garding strain rate should be modified if and when expe rimental 


data establish the order of importance of strain rate. However, 
in the absence of such experimental data,‘the authors cannot 
agree with the comment of Merchant based upon Drucker’s 
theoretical analysis that work-hardening does not occur during 
metai cutting because of the relatively high strain rates involved. 

The effect of normal stress on the shear strength or flow stress, 

referred to by Merchant, has been neglected by the authors be- 
cause this effect has not been clearly demonstrated. The results 
of Bridgman cited in Merchant’s paper (Bibliography 7) did not 
demonstrate clearly that the effect holds for all metals. In fact, 
Bridgman concludes that the shear stress at a definite strain 
value of unity increases with normal stress only for drill rod, but 
for SAE 1045 carbon steel the variation was within the order of 
experimental accuracy. If subsequent experimental work shows 
the normal stress factor to be ‘appreciable, it can be incorporated 
in the plasticity analysis. 

The authors agree in general with comments made by Shaw. 
The assumptions stated in the paper, such as homogeneity and 
isotropy of the work material,‘are simplifying assumptions only 
and should not be considered as hard and fast rules. Refine- 
ments can be applied to the plasticity theory, based on Max- 
well’s original hypothesis and restated by others in several ways, 
as certain effects not incorporated in this theory arc isolated. 

The authors have also applied Merchant’s criteria for metal 
cutting as shown in the graphs of Figs. 9 and 10. In view of the 
hypothesis, however, that the effect of work-hardening in metal 
cutting’ is important, they have felt that insufficient data were 
available to isolate this effect, inasmuch as comparisons ought 
only to be made at equivalent states of work-hardening. 

In conclusion, the authors wish to thank the discussers for their 
interest and to state that the approach presented in their paper 
should be regarded as a basis for further investigation. Addi- 
tional experimental work, now in progress, indicates that the 
ang aly sis corre rel: ates also for materials other than that reported. 
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and Lateral Load 


Approximately 3600 tests were performed on the driving 
resistance, withdrawal resistance, lateral load-carrying 
capacity, withdrawal, and deformation of 2, 2'/2, 3, 3'/s, 
and 4-in-long plain-shank, spirally grooved, and annularly 
grooved nails in southern yellow pine, white oak, and 
beech, in order to make available comparative test and 
design information on these nails. Data on nail proper- 
ties, as influenced by nail type, size, point, shank pilot, 
steel composition, heat-treatment, cement coating, wood 
species, wood density, and annual rings of the wood are 
presented to help in determining the type of nail most 
suitable for specific applications. At a later date a report 
will be issued on the effects of change in moisture content 
and elapsed time after driving, on the foregoing test 
variables, since these factors could not be investigated 
until after the test planks had been air-seasoned. Such a 
study was made possible because all nails for tests on with- 
drawal resistance and lateral load-carrying capacity were 
driven at that time of test performance when oak and 
beech were green and pine was partially air-dry. 


INTRODUCTION 


IRECTLY or indirectly, nails are in everyday use by al- 

most everyone. Without being in the limelight or ‘con- 

spicuous, they are essential to human comfort and liv- 
ing, since they are of fundamental importance in most wood 
products. Little is known about the behavior of nails once driven 
into wood. Experience governs their use. If one nail does not 
perform the job, a second one is used. If a large nail splits a piece 
of wood, one or two small ones are used instead. So many peo- 
ple want to know how to use nails properly, but few have the op- 
portunity to collect enough experience to have the necessary 
know-how. To complicate matters, the number of types and 
sizes of nails in production and use is great. The round, trian- 
gular and square-shank nails are made as plain-shank, barbed, 
coated, twisted, spirally grooved, annularly grooved, nontem- 
pered or tempered nails with low or high-carbon steel, stainless 
steel, aluminum, copper, brass, bronze, silicon bronze, or other al- 
loys; with short, medium, and long diamond, needle, chisel, duck- 
bill, side or V-points; with standard, medium or large flat, 
countersunk, round, oval, brad or duplex heads. They are mer- 
chandised as common nails, finishing nails, fiberboard nails, 
plasterboard nails, wallboard nails, sheetrock nails, cork-insula- 
tion nails, Jath nails, siding nails, sheeting nails, shingle nails, 
roofing nails, shade nails, concrete nails, flooring brads, pallet 
nails, box nails, case nails, basket nails, barrel nails, boat nails, 
wagon nails, car nails, foundry nails, fence nails, sign nails, hinge 
nails, clout nails, sinkers, corkers, coolers, etc. 

' Research Professor, Department of Wood Construction, Virginia 
Polytechnic Institute. Mem. ASME. 

Contributed by the Wood Industries Division and presented at the 
Annual Meeting, New York, N. Y., November 27—December 2, 
1949, of Tue AMERICAN Soctety OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be un- 


derstood as individual expressions of their authors and not those of 
the Society. Paper No. 49—A-115. 


Nails 


Driving Resistance, Withdrawal Rest 


By E. GEORGE STERN,' BLACKSBURG, VA 


stance 
-Carrying Capacity 


In a recent U. 8. Government publication (1),? sound and effi- 
cient nailing practices in home construction are suggested. These 
recommendations, although backed up by U.S. Forest Products 
Laboratory test data, are principally based on observed nailing 
practices, usually a matter of precedent, tradition, or indivi- 
dual judgment, however, as a rule, not fully taking into account 
‘the forces to be resisted. The use of plain-shank nails is recom- 


mended, presumably because of the unavailability of satisfactory 


design and test’ data on 
nails with spirally or annularly grooved shanks, as shown in Fig. 
i. 


and field experience with relatively new 
Similarly, because test and design data on such improved 


Fic. 


1 PLAIN-SHANK, GRooven, ANNULARLY 


Grooven 3!/.-InN-Lona 


AND 


nails never have been available to the designing timber engineer, 
use of such improved nails for joints of timber structures has not 
been in the news, although such nails may have been occasionally 
used for such purposes. 
tures by naval architects with such spirally and annularly grooved 
nails has resulted in their widespread use in boat and ship con- 
struction. Automobile manufacturers have long taken advan- 
tage of these improved nails for fastening car linings to the body. 
Box and furniture manufacturers often have been in the position 


In contrast, the design of marine struc- 


? Number in parentheses refer to the Bibliography at the end of the 
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to use these nails to gréat advantage, in’ many instances even in 
place of wood screws. Since 1939 these improved nails have 
found preferential acceptance for the éonstruction of wooden 
pallets and were approved in recent recommendations by The 
National Wooden Pallet Manufacturers Association and Naval 
Specifications. 

Annularly grooved brass, bronze, and stainless-steel nails have 
been used in carload quantities for butt-nailing asbestos side-wall 
shingles since early 1935. Lately the wood- and asphalt-shingle 
contractors have become convinced promoters of the use of 
grooved nails. Simultaneously, the building industry has become 


- aware of the advantages of these nails for laying floors, fastening 


of insulation, nailing of siding and millwork. The extended use 
of these nails for application of metal roofing and building sheets 
has long been justified by their performance as convincingly ex- 
hibited in a recent treatise (2). 

A considerable amount of technical information has been made 
available on plain-shank, barbed, and cement-coated nails. 
Before preliminary test and design data on spirally and annularly" 
grooved nails had been published (3), first, cement-coated nails. 
(4) and, later, chemically etched nails (5, 6) had been recom- 
mended for superior withdrawal resistance immediately after 
driving. These recommendations had been made despite the fact 
that these latter types of nails lose some of their holding capacity 
with time, and change in moisture content of the wood (5, 6). 

For proper application of the improved spirally and annularly 
grooved nails, the necessity arose to obtain test data from which 
design data could be secured, in line with the generally established 
trend from empirical to theoretical design of wood structures. 
Effectiveness and proper use of nails depend upon the following: 

1 The driving resistance offered, as determined by the energy 
required to hammer the nail into wood. 

2 The holding capacity, as observed by the withdrawal re- 
sistance of the nail from wood. 


3 The lateral load-carrying capacity, as found by the resist- 


ance of the nail to lateral forces transmitted through the nail to 
wood. 

4 The nonsplitting properties, as shown by the resistance to 
splitting of wood during and after driving of the nail. : 

These properties are influenced significantly by (a) such nail- 
production variables as may be specified for material, design, 
manufacture, and treatment, and (b) such application variables 
as method of loading, wood species and density, member size and 
grain direction, moisture content and change in moisture content,’ 
time interval between driving and loading, preboring of under- 
sized holes, clinching, and redriving. 

This paper cannot present the answer to all nail problems. Its. 
general purpose is to inditate the trends in the field of nailing, to 
show the special advantages of spirally and annularly grooved 
nails, and to give proof as to what can be accomplished by re- 
search and development work in the field of nailing. Its specific , 
purpose is to determine proper design data for the tested spirally 
and annularly grooved nails,* so they may be used to best advan- 
tage in wood structures and important wood assemblies. 

The test program included evaluation of type of nail (plain- 
shank, spirally grooved Screwtite with a 60-deg slope of thread, 
and annularly grooved Stronghold with 0.060-in. spacing from 


* The nails selected for test purposes are general-purpose nails of 
standard design and conform to standard manufacturing procedure of 
the producer. Variations from these standards, to satisfy specific 
requirements, are numerous. Thus the test data obtained in this 
study may not be directly applied to other nails than those tested, 
although they are representative spirally and annularly grooved 
types of nails. 'Thus the presented data are only directly applicable 
to the spirally grooved ‘‘Screwtite’’ and annularly grooved “Strong- 
hold” nails manufactured by the Independent .Nail & Packing Com- 
pany, Bridgewater, Mass. 
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center to center of grooves), size of nail (length and diameter), 


type of steel (low-carbon and high-carbon), treatment of nail 
(nonhardened and hardened), surface coating (noncoated and 
cement-coated), type of nail point (diamond and V), and use of 
pilot. 

Southern yellow pine, white oak, and beech were selected for 
test purposes as representative for the softwood, open-porous 
hardwood, and closed-porous hardwood species, respectively. 
The test planks consisted of Select, partially air-dried (20 per cent 
moisture content), clear, straight-grain, dressed-four-sides, struc- 


trual 3 X 8-in..and 4 X 8-in. shortleaf pine from Virginia, similar - 
green (46 per cent moisture content) white oak from Virginia; and * 


similar green (45 per cent moisture content) beech from Indiana. 
Replicate (duplicate quintuplicate) tests on each test variable 
were performed with different planks. The nails were spaced per- 


pendicularly to the grain 1'/; in. apart, while nail spacing par- ° 


allel with the grain was 1'/,in. In order to facilitate comparative 
testing with green and dry wood, the testing and matching sched- 
ules were prepared in such a way that adjacent locations in the 
fiber direction of the planks were used for testing with the green 
and, at a later date, with the dry wood. Nails for tests on with- 
drawal resistance and lateral load-carrying capacity were driven 
to ?/; shank penetration immediately before testing, in order to 
eliminate any time effect on the test data. Upon completion of 
these tests, the second series of nails was hammered into the re- 
spective adjacent locations for performance of tests upon air-dry- 
ing of the planks to uniform equilibrium moisture content. 

For tests on the driving resistance of nails, a 1000-in-lb-capac- 
ity nail driver was employed to drive nails with uniform centric 


impact force into wood, in order to obtain comparative data on 


the depth of. nail-shank penetration as a result of application of a 
single impact stroke. 

For all tests on withdrawal resistance and lateral load-carrying 
capacity, an Olsen ‘universal testing machine with 1400 and 
12,000-lb-capacity poises was provided with special jigs shown 
in Figs. 3 and 4. : 

A-universal joint ascertained uniform and ceritric load appli- 
cation in the direction of the nail axis,” provided the nail was 
driven perpendicular to the plane of the plank. Uniform rate of 
pulling was attained for all tests on the ultimate withdrawal 
resistance by the constant motion of the magvable crosshead of 
the testing machine at 0.060 ipm. A test speed of 0.015 ipm 
was used for the performance of withdrawal tests for which 
load-deformation data were recorded. 

Tests on the lateral load-carrying capacity of nails were per- 
formed by loading the projecting part of the nail shank with a free- 
turning, tight-fitting steel jig placed snugly between nail head and 
plank. The uniform rate of testing of 0.069 ipm for tests on the 
ultimate load-carrying capacity was reduced to 0.048 ipm for 
those tests for which load-deformation data were obtained. 

Test Resuits 

Nail Withdrawal Under Axial-Load Application. The relation- 
ship between withdrawal resistance in pounds and withdrawal in 
inches was determined experimentally in a separate test series for 
2'/.-in-long, 0.135-in-diam plain-shank, Spirally grooved, and an- 


‘nularly grooved nails, as shown in Fig. 5.. They penetrated for 


two thirds of their shank length into 3 X 8-in? southern yellow 
pine with a 13.9 per cent average moisture content, 0.57 specific 
gravity, 14 annual rings per inch, and 30 per cent suramerwood. 

The observed “slopes” for the three types of nails are similar, 
that is, 25,000, 26,800, and 22,400 lb/in., respectively. Thus the 
nails have a similar rigidity in withdrawal, hence cause a similar 
stiffness of nailed joints within the design range. . 

As soon as the shank friction of the plain-shank nail was ex- 
ceeded,-that is, upon a withdrawal of '/s9 in.‘at a load of 420 Ib, 
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the nail pulled for a’small amount. This resulted in a decrease in 
applied load under the testing procedure employed. By continu- 
ing the test, the applied load could again be increased, however, 
only to a slightly smaller maximum, since the original friction and 
friction area between shank and wood were decreased by the ini- 
tial failure. Further test continuation resulted in successive slip- 
ping: whereby the holding capacity decreased step by step at a 
constant rate, until the test was discontinued at a withdrawal of 
approximately in. 

The spirally grooved nail showed an “initial ultimate load” at 
a withdrawal of approximately '/25; in., if initial ultimate load is 
defined as the minimum load at which deformation begins to in- 
crease considerably with no appreciable increase in load at the 
constant rate of withdrawal. When the nail was allowed to turn 
during continuation of the test, the withdrawal resistance of the 
nail was increased, since a firmer grip between wood fibers and 
threaded nail shank was attained. At a withdrawal of "/3: in., a 
25 per cent increase in load beyond the initial ultimate load of 475 
lb was observed. When the nail head was prevented from turn- 
ing, the low-carbon-steel shank of the nail countertwisted near 
the surface of the plank, as shown in Fig. 2 (left), since during 
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withdrawal the further inserted part of the shank was forced by 
the wood fibers to thread itself out of the wood. The resistance 


offered by the wood fibers to withdrawal under this testing pro- 
cedure resulted in a 33 per cent increase in withdrawal resistance 
beyond the initial ultimate load of 535 lb. 

The annularly grooved nail attained 


its ultimate withdrawal 
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load of approximately 700 lb at a withdrawal of '/;,in. Beyond 
this peak load, its withdrawal resistance continuously decreased 
with increase in withdrawal. At a withdrawal of approximately 
/sin., the holding capacity of this nail approximated that of the 
plain-shank nail. Withdrawal of such a magnitude is seldom al- 
lowable from the design viewpoint. Therefore the greater with- 
drawal resistance of the annularly grooved nail, as compared 
with that of the plain-shank nail, cannot be considered lessened by 
this decrease in holding capacity (beyond its ultimate) if a loading 
procedure is used similar to that employed in these tests. 

Nail Deformation Under Lateral-Load Application. Data on 
nail deformation during lateral loading of the nail shank are re- 
quired for the design of nailed wood structures, if the structural 
design is limited or influenced by the actual deformation of the 
structure under lpad. For this test series, the same test material 
and 2!/.-in-long, 0.135-in-diam nails were used as for the per- 
formance of tests on nail withdrawal. Additional data were ob- 
tained for hardened high-carbon-steel nails. The deformation of 
the nail shank is reported as the motion of a steel loading bar, 
fitting snugly around the protruding nail shank, relative to a hori- 
zontal line on the plank with the nail perpendicular-to and inter- 
secting this line.. Diagrammatic test data are given in Fig. 6. 

The slopes of the load-deformation curves indicate approxi- 
mately the same stiffness for the three nail types within their de- 
sign ranges. 

The low-carbon-steel plain-shank nail deformed approximately 
'/, in. before reaching an average maximum load of 620 lb. After 
having attained this peak load, the nail continued to deform. The 
shank finally sheared off at the loading edge nearest the plank at 
a total load of 325 lb and at a total deformation of 7/;, in. The 
hardened plain-shank nail was too brittle to tesist the shear-stress 
concentration along the edge of the loading bar. Thus the aver- 
age ultimate load amounted to only 410 Ib. 

The low-carbon-steel spirally and annularly grooved nails 
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sheared off at the start of the rolled-on shape at an average max 


* mum test load of 840 Ib, and a total deformation similar to ths 


found for the plain-shank nail at its maximum test load. Thos 

hardened spirally grooved nails, which did not shear off along the 
edge of the loading bar, failed '/2 in. inside from the plank sur 

face at maximum lateral loads of 820 and 1010 Ib, and at a total 
deformation of 1/32 in. One of the hardened annularly grooved 
nails similarly failed at 980 Ib and at a similar amount of deforn 

ation. Thus on the basis of the limited number of tests pe 

formed, spirally and annularly grooved nails appear £6 have sim 

lar rigidity within their complete lateral lowding range.” 

Ultimate Test Data. In Table 1 the driving resistance of nails 
is given as the ultimate penetration of the nail shank into the 
plank, corrected for nonuniformity, within a species, in proper 
ties of the planks used for testing. i 

Test data on the ultimate withdrawal resistance for spiral 
grooved nails are not comparable to those for plain-shank an 
annularly grooved nails, since the ultimate for spirally groove 
nails does not occur within the same range as do the ultimates for 
plain-shank and annularly grooved nails. On the other hand, the 
“{nitial ultimate loads’ for spirally grooved and the ultimate 
loads for plain-shank and annularly grooved nails are attain 
within a relatively similar range of withdrawal and thus may 
be considered of a comparable nature. In consideration of this 
observation, the comparative data given in Table 1 on with- 
drawal resistance of spirally grooved nails refer to their initial 
ultimate loads. . 

The ultimate test data, as observed during lateral loading, 
were limited by rupture of the nail shanks in 45 per cent of all 
test cases, that is, in 63 pér cent for hardened and in 27 per cent 
for nonhardened nails. The remaining test nails failed in with- 
drawal or excessive flexural deformation during lateral-load ap 
plication. 

Both ultimate-withdrawal and lateral-loading data were also 
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LATERAL LOAD-CARRYING CAPACITY FOR PLAIN-S 


WHI 


TE OAK, GREEN BEECH, 


GRAND AVERAGES FOR MATCHED DECUPLE TESTS ON DRIVING RESISTANCE, 
HANK, SPIRALLY GROOVED, AND ANNUL: 
AND PARTIALLY AIR-DRY SOUTHERN YELLOW PINE 


-STERN—IMPROVED NAILS 


WITHDRAWAL 
ARLY GROOVED NAILS IN GREEN 


RESISTANCE, AN 


Nail Nail Wood Driving Resistance Withdrawal Resistance Lat. Load—Carrying Cap. 
Size Type Species Shank Penetration For 2/3 Shank Penetration For 2/3 Shank Penetration 
Length x In Inches Pounds) ‘Cin Pounds) 

Wire Dia. Plain] Spirally] Annularly Plain | Spirally] Annularly Plain] Spirally [Annularly 
(In Inches) Grooved Grooved Grooved Grooved Grooved Grooved 
2" x 0.120"| HC-NH-NC-D Oak 1.0, | 313 604 

108 | — 205 — L06 
HC-H-NC-D Oak 1.10 | 0.92 0.95 394, 542 520 694, 1,65 
Beech 0.87 0.70 0.75 419 49k 416 370 342 347 
sYP 1.18 | 1.02 1.06 335 500 525, 57 
HC-NH-NC-V Oak 095 | 289 — 587 — 
SYP 1. — — pure) 383 — 
Hc-H-Nc-V Oak — | 0.86 0.93 — 540 511 — 688 271 
SYP 0.91 1.05 455 478 — 612 280 
2h" x 0.120" HC-NH-NC-D Oak 1.0.1 | — — 375 625 ome 
Beech 0.84 — — 468 — — 
HiC—H=NC—D Oak 1.06 0.88 0.96 471 658 662 398 497 518 
Beech {10.83 | 06.68 0.75 520 ng 688 
SYP 1.18 | 1.01 1.09 380 690 £19 35 563 
HC-NH-NC-V Oak O91 | 374, 612 — 
Hce-ti-cc-D Oak | 0.90 om 652 662 -— 708 
Beech || —— | 0.73 0.71 72 680 561 328 
SYP — | 1.13 1.09 630 57h = 756 403 
Oak 0.90 657 om -— 922 213 
SYP 0.92 1.02 533 551 207 
HC-H-Nc-D-P| Oak | GoD 0.93 623 668 591 We 
Beech | 0.69 0.72 674 blade 567 29h 
| 0.99 1.00 535 — 275 
2)" x 0.135" | LC-NH-NC-D Oak | 0.93 0.73 0.72 401 645 732 700 799 597 
Beech 0.77 0.62 0.60 462 627 70L 355 48 638 
SYP 1.08 | 0,86 0.82. 33. 500 620 
LC-NH-CC-D Oak 0.93 — —- 515 _- 732 _ 
7 Beech 0.76 — 492 421 
SYP 1.12 | —— 8 — 638 
3" x 0.135" | HC-NH-NC-D Oak 0.85 | —— — 108 173 
Beech |}0.49 | —— — 502 —. — 77 — 
SYP 1.06 | —— 243 — — 467 = 
Oak 0.8 | 0.73 0.75 29 829 785 178 1373 7L8 
Beech 0.53 0.35 0.40 702 841 851 685 681 742 
SYP 1.08 | 0.91 0.97 588 784, 796 976 1252 782 
3" x 0.1,8"| LC-NH-NC-D Oak 0-75 | 0.63 0. 60 541 683 866 
Beech {10.69 | 0.54 623 737 868 7 
sYP 0.90 | 0.75 0.75 306 362 825 567 830 1059 
3a" x 0.162" LC-HH-NC-D Oak 0.68 | 0.56 0. 56. 663 929 1072 m 1178 1235 
Beech | 0.47 795 959 630 881 925 
SYP 0.80 | 0.67 0.64 429 609 1015 678 994, 1198 
4" x 0.177" | HC-NH-NC-D Oak — 834, _ 
SYP 0.70 | —— 491 — 
HC-H-NC-D Oak 0.64 | 0.50 0.55 1397 206 2559 1315 
Beech 0.40 0.45 1232 1291 1273 195 1522 1513 
SYP 0.74 0.53 0.61 792 112 1100 14a, 1939 1353 
4" x 0.203" | LC-NH-NC-D Oak 0.54 | O47 0.46 a5 1093 Y 1 
Beech | 0-38 0.34 1093 1159 1256 
SYP 0.64 | 0.54 0.53 403 664 1170 949 154, 1550 
LC = low-carbon steel Hl = hardened LD) diamond point 
HC = high-carbon steel NC = noncoated = V-poimt 
NH = nonhardened CC = cement-coated P = pilot 
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NAILS IN SOUTHERN YELLOW PINE 


INFLUENCE OF Type or Nait on Drivine Resistance, WiTHDRAWAL RESISTANCE, AND LATERAL Loap-CarryInG Capacity oF 2, 


21/3, 3, 31/2, AND 4-IN-LONG PLAIN-SHANK, SPIRALLY GROOVED, AND ANNULARLY Groovep Natis IN Green WHITE Oak, GREEN BEEcH, 
AND Arr-Dry SouTHERN YELLOW PINE : 


corrected for nonuniformity in plank: properties, if different 

planks within a species showed variations in their nail-withdrawal 

resistance and lateral load-carrying capacity. : 

| 

Nail Type. Comparative tests on driving resistance, with- 
drawal resistance, and lateral load-carrying capacity were per- 
formed with low-carbon-steel and hardened high-carbon-steel 
plain-shank, spirally grooved, and annularly grooved nails. The 
test results are given in Table 1 and graphically presented in 
Fig. 7. Because of their increased contact areas and frictional 
resistance between nail shank and surrounding wood, the grooved 
nails provided a larger withdrawal resistance and lateral load- 
carrying capacity than the plain-shank nails. These increases, 
however, were combined with an increase in driving resistance, 
although the latter increase proved to be somewhat smaller than 
those for withdrawal resistance and lateral load-carrying capac- 
ity. 

The average driving resistance of the low-carbon-steel and. 
hardened high-carbon-steel spirally grooved nails in green oak was 
19 and 18 per cent, that in green beech was 20 and 21 per cent, 
and that in partially air-dry southern yellow pine was 19 and 16 
per cent greater, respectively, than that of the plain-shank nails. 


INFLUENCE OF DESIGN VARIABLES’ 


The average driving resistance of the corresponding annularly 
grooved nails in oak was 20 and 13 per cent, that in beech was 22 
and 13 per cent, and that in southern yellow pine was 21 and 11 
per cent greater, respectively. Thus the’ average driving resist- 
ance of spirally and annularly grooved nails tested was between 
1/sand '/, greater than that of the plain-shank nails. 

The average withdrawal resistance of the low-carbon steel and 
hardened high-carbon steel spirally grooved nails ian oak was 39 
and 34 per cent, that in beech was 17 and 16 per cent, and that 
in southern yellow pine was 34 and 43 per cent greater, respec- 
tively, than that of the plain-shank nails. The average with- 
drawal resistance of the respective-annularly grooved nails in 
oak was 72 and 30 per cent, that in beech was 27 and 12 per cent, 
and that in southern yellow pine was 50 and 45 per cent greater. 

The average lateral load-carrying capacity of low-carbon-steel 
spirally and annularly grooved nails in oak was 14 and 12 per 
cent, that in beech was 31 and 40 per cent, and that in southern 
yellow pine was 52 and 64 per cent greater, respectively, than that 
of the plain-shank nails; that of the hardened high-carbon-steel 
spirally grooved nails in oak was 21 per cent, in beech was 3 per 
cent, and in pine was 25 per cent greater. By use of more satis- 
factory heat-treating procedures, considerable improvement 
might have been attained in the lateral load-carrying capacity of 


e ¢ 


these har 
equipmer 
Nail Si 
esistance 
ectly wi 
rawal re 
yuthern 
vely, tl 
Furthern 
apacity 
ail dian 
Comp: 
nee, an 
2'/s, 3, 
ally gro 
3, and 
nails, a 
grooved 
cally pr 
vanced | 
This cor 
made of 
nails, 
With 
which t! 
ally anc 


‘ r 
har 
LOW-CARBON STEEL HIGHCARBON DW-CARBON STEEL 
| 
| 


= HIGH}CARBON Be HIGH-CARBON 4 LOWCARBON STEEL increase, however, was slightly larger than that of the plain- 
STEEL shank nail driven into southern yellow pine and, especially, into 
he a . 2 . oak. On the basis of the relatively uniform test data, it may be 
N justified to assume a curvilinear relationship between shank diam- 
z, Sons Ce . — eter and depth of penetration for plain-shank nails, and a similar 
§ — curvilinear relationship for grooved nails. 
z z.. = The increase in withdrawal resistance per inch of penetration 
with increase in shank diameter of low-carbon-steel plain-shank 
—}+—_ + 4 and grooved nails was somewhat smaller than expected, accord- 
: ing to reference (6) for low-carbon-steel plain-shank nails. Al- 
Bs though some of the data are somewhat erratic, a general trend of 
curvilinear relationship may be expected, particularly if grand 
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To this end, 
equipment has been installed by the nail manufacturer. 

Nail Size. According to authoritative data (6), the withdrawa! 
resistance per inch of penetration of plain-shank nails varies di- 
rectly with the nail diameter. 
drawal resistance, e.g., of 
southern yellow pine, which is 5 and 10 per cent smaller, respec- 
tively, than if computed according to the foregoing correlation. 
Furthermore, according to this reference, the lateral load-carrying 
capacity of plain-shank nails varies with the 1.5th power of the 
nail diameter. 

Comparative tests on driving resistance, 


these hardened high-carbon-steel nails. 


One of the exceptions is the with- 
and 4-in-long plain-shank nails in 


withdrawal resist- 


ance, and lateral load-carrying were performed with 
2'/s, 3, 3'/2, and 4-in-long low-carbon-steel plain-shank, 
ally grooved, and annularly grooved nails, 
3, and 4-in-long high-carbon-steel* plain-shank 
nails, hardened high-carbon-steel plain-shank, spirally 
grooved, and annularly grooved nails. The test data are graphi- 
cally presented in Figs. 
vanced in reference (6) for low-carbon-steel common wire nails. 
This comparison is limited in value, since common wire nails are 
made of a wire witli a slightly different diameter from the tested 
nails. 


capacity 
spir- 
and with 2, 2'/s, 
nonhardened 


and 


8 and 9, in comparison with those ad- 


With increase in shank diameter, that is, the wire gage from 
which the nail was made, average driving resistance of both spir- 
ally and annularly grooved nails increased at a similar rate. This 


improved 


average data for increase in withdrawal resistance of —2, 7, and 
19 per cent for nails in oak, of 4, 8, and 22 per cent for nails in 
beech, and of 5, 18, and 13 per cent for nails in southern yellow 
pine are compared with increases in shank diameters of 10, 20, and 
50 per cent. 

The average withdrawal 
the high-carbon-stee! 3-in-long nails was only slightly larger, and 
that of the 4-in-long nails in oak 39 per cent, in beech 48 per cent, 
and in southern yellow pine 18 per cent larger than that of the 
2 and 2'/.-in-long nails. The withdrawal resistance of some of 
the 3-in-long and, in particular, that of almost all 4-in-long nails 
should have been larger, according to the correlation suggested in 
reference (6), for low-carbon-steel plain-shank nails. The ex- 
cessive brittleness of some of the test nails may have been of some 
influence on these data. ° 

While the increase in lateral load-carrying capacity of low-car- 
bon-steel plain-shank and spirally grooved nails in southern yel- 
low pine, with increase in diameter, was similar to that expected, 
according to the general formula advanced in reference (6), the 
increase in capacity of these nails in oak and beech and of spirally 
grooved nails in oak, beech, and southern yellow pine was consid- 


resistance per inch of penetration of 


erably larger. 
50 per cent for 3, 3! 
parison with the 2'/:-in-long nail, the respective ratios of average 


/,, and 4-in-long nails, on the basis of com- 


increases in capacity for plain-shank and spirally grooved nails 
in southern vellow pine were 12:34:98, in beech were 80:80 : 236, 
and in oak were 32:50: 149; 
southern yellow pine were 71:87 
and in oak were 81: 107 :240. 

The increase in lateral load-carrying capacity with increase in 
diameter of most of the high-carbon-steel nails tested was also 
according to the general 


those for annularly grooved nails in 
: 150, in beech were 21:45: 165, 


considerably larger than that expected, 
formula presented in reference (6) for 
shank nails. 
plained by the considerable variation in brittleness of these nails. 

The relatively small increase in efficiency with in 
shank diameter of some of the grooved nails, in comparison with 
that of the plain-shank nails, such as in withdrawal resistance in 
green beech, may be explained by the uniformity in spacing of 
spiral and annular g Smaller center- 
center spacing of the grooves of the large-size nails might have in- 
creased their efficiency, although to date, no data have been ob- 
tained to substantiate such an assumption. 

Nail Point. Nails tapered to and terminating in a flat point do 
not split wood as much as nails with a sharp or diamond point. 
The withdrawal resistance of nails with a tapered and flat point is 
equal in dense wood, though, smaller in less dense wood than that 
of the corresponding nail with a sharp point. Splitting of wood 
by a nail may also be prevented by use of a shank point with a 
short wedge having a blunt end, such as the V-point. Although 
the angle of the wedge-point axis to the wood-fiber direction may 
be of influence on the efficiency of this nail, all V-point nails were 
driven without consideration being given to the direction of the 


low-carbon-steel plain- 
The erratic nature of some of the test data is ex- 


increase 


grooves for all nail sizes. to- 


wedge axis. 


Thus with an increase in diameter of 10, 20, and 
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Comparative tests were performed with 2 and 2"'/2-in-long 
diamond-point and V-point, nonhardened 
plain-shank and hardened spirally and annularly grooved nails, 
manufactured from the same wire strand, and driven into green 
white oak and partially air-dry southern yellow pine. The V- 
point, in comparison with the diamond point, resulted in a 9, 8, 
und 4 per cent greater average driving resistance and a 10, 5, and 
5 per cent smaller average withdrawal resistance for the non- 
hardened plain-shank, h: urdened spirally grooved, and hardened 
annularly grooved nails, respectively. The lateral load-carrying 
capacity of the nonhardened plain-shank nail with V-point was 4 
per cent smaller than that of the diamond-point nail. The lateral 
load-carrying capacity of the hardened grooved nails with V and 
diamond points was influenced too much by variations in nail 
brittleness to yield satisfactory comparative data. 

With few exceptions, the effect of the V-point was consistent 
for all tests on the driving resistance, withdrawal resistance, and 
lateral load-carrying capacity. the influence of the V- 
point, in comparison with that of the diamond point, on the fore- 
going properties was relatively: small, thus insignificant from the 
practical viewpoint. 

Shank Pilot. For ease in initial driving of nails with grooved 
shanks, a pilot may be used, that is,-for a short length from the 
nail point, the nail shank is plain and grooving starts only"*beyond 
that length. The length of the pilot may vary. For tests on the 
2'/.-in-long hardened high-carbon-steel grooved nails with a 
pilot, a pilot length of 4/;.in. was used. 

According to the comparative data for spirally and annularly 
grooved nails, the pilot resulted in a 2.5 per cent greater average 
driving resistance and a 5 per cent smaller average withdrawal 
In view of the considerable variation in brittleness of 
the test nails, fully comparative data could not be obtained on the 


high-carbon-steel 


However, 


resistance. 
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lateral load-carrying capacity of nails with and without pilots 
Thus it appears that as a short pilot was used for these com- 
parative tests, it did not have any appreciable influence on both 
driving and withdrawal resistance of 2'/2-in-long, hardened high- 
carbon-steel spirally and annularly grooved nails. 

Steel Composition. Both “regular’’ low-carbon steel, SAE 
1010, and high-carbon steel, SAE 1065, were used for the manu- 
facture of the tested nails. Comparative data were obtained on 
the driving resistance, withdrawal resistance, and lateral load- 
carrying capacity of 2'/2, 3, and 4-in-long plain-shank nails 
made from both steels, with the high-carbon-steel nails having 
11.2, 8.8, and 12.8 per cent smaller diameters, respectively. 

The average driving resistance of high-carbon-steel nails was 7 
to 18 per cent, with a grand average of 12 per cent, smaller than 
that of the low-carbon-steel nails. An exception was the 3-in- 
long high-carbon-steel nail in beech with a 30 per cent larger driv- 
ing resistance. The average withdrawal resistance of the high- 
carbon-steel nails was from 34 per cent smaller to 22 per cent 
larger, with a grand average of 10 per cent smaller, than that of 
the low-carbon-stee] nails. Similarly, the lateral load-carrying 
capacity of the high-carbon-steel nails was from 25 per cent 
smaller to 44 per cent larger, with a grand average of 7 per cent, 
smaller than that of the low-carbon-steel nails. 

Thus, because of the smaller diameters of the high-carbor 
steel nails, as compared to the diameters of the low-carbon-stee 
nails of the same types and lengths, the high-carbon-steel nail 
were somewhat easier to drive and had a smaller withdrawal re 
sistance and lateral load-carrying capacity than the respectiv: 
low-carbon-steel nails. 

Heat-Treatment. Wigh-carbon-steel nails may be hardened to 
increase their buckling resistance during driving, their withdrawal 
capacity during use. ,Thu 
some of the high-carbon-steel nails were heat-treated at 1500 to 
1600 F for 28 min, quenched in an oil bath, and tempered at 550 
F for an additional 28 min. The nails thus treated varied consid 
erably in brittleness although made from the same wire strand and 
issuing from the same nail batch, with some of the nails failing as 
«a result of their brittleness and others failing only in exceeding 
their withdrawal resistance. 

Comparative data were secured on the driving resistance, with 
drawal resistance, and lateral load-carrying capacity of 2, 2'/2, 
3, and 4-in-long high-carbon-steel, nonhardened and hardened 
plain-shank nails. 

The average driving resistance of the hi _ nails was from 
2 per cent larger to 9 per cent smaller, with a grand average of 3 
per cent smaller than that of the nonhardened nails. The average 
withdrawal resistance of the hardened nails was 11 to 142 per cent, 
with a grand average of 50 per cent Jarger than that of the non- 
hardened nails. The lateral load-carrying capacity of the hard- 
ened nails was from 36 per cent smaller to 109 per cent larger, 
with a grand average of 21 per cent larger than that of the non- 
hardened pails.. While the driving resistance of hardened nails 
was almost consistently, however, from the practical viewpoint, 
insignificantly smaller, the withdrawal resistance of the hardened 
nails was consistently larger than that of the nonhardened nails. 
The considerable variation in brittleness is the explanation for the 
relatively large variation in data on both the withdrawal resist- 
ance and lateral load-carrying capacity of hardened nails. How- 
ever, since as a result of heat-treatment both withdrawal resist- 
ance and lateral load-carrying capacity of some of the nails were 
increased more than 100 per cent, it should be possible to increase 
consistently to a considerable degree both withdrawal resistance 

and lateral load-carrying capacity by use of fully satisfactory 


resistance and lateral load-carrying 


hardening methods with equipment only late ly installed by the . 


nail manufacturer. 
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(6) the withdrawal resistance of plain-shank nails immediately 
after driving into light wood may be 85 to 100 per cent larger if 
the nails are properly cement-coated, while, with increase in wood 
density, the benefit of cement coating decreases to practically no 
advantage over noncoating. 

Comparative tests were performed on the driving resistance, 
withdrawal and lateral load-carrying capacity 
2'/,-in-long Jow-carbon-steel plain-shank nails and hardened 
high-carbon-steel spirally and annularly grooved nails. The 
compound! used consisted of synthetic resin 
treated with linseed oil. It contained 65 per cent, by weight, pe- 
troleum naphtha as volatile carrier. It was applied in a tumbling 
process at normal temperature and uniformly eévered the whole 


resistance, of 
ce- 


ment-coating 


nail. 
The average driving resistance of the*noncoated and coated 


‘ No. V-5071 Elastie Nail Coating by the M. 


B. Suydam Division 
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nails did not vary to any large extent. Cement coating increased 
the average withdrawal resistance of the plain-shank nail in oak 
and in southern yellow pine 65 


On the other hand, cement-coating of hardened high- 


28 per cent, in beech 6 per cent, 
per cent. 
carbon-steel spirally and annularly grooved nails was of no effect 
on their withdrawal resistance. The lateral load-carrying capacity 
of the coated plain-shank nail in oak was 5 per cent, in beech was 
19 per cent, and in southern yellow pine was 28 per cent greater 
as a result of application of cement coating. The variation in 
brittleness of the hardened spirally and annuarly grooved nails 
did not make it possible to obtain reliable data on the influence of 
the lateral load-carrying capacity of these 
nails, although the coated spirally grooved nail showed consist- 
ently larger values than the noncoated nail. However, since the 
withdrawal resistance of these nails was not increased as a result 
of cement-coating, this increase in lateral load-carrying capacity 
may not be fully attributable to the coating. 


cement coating on 


ae 


The foregoing data on the withdrawal resistance of plain-shank 
nails are in general agreement with the information advanced in 
reference (6) for plain-shank nails. These data also indicate that 
cement-coating of spirally and annularly grooved nails may not 
be justified for purposes of improving their withdrawal resistance. 


SUMMARY 


1 With relatively small increases in driving resistance of nails, 
large increases can be expected in both withdrawal resistance and 
lateral load-carrying capacity. 

2 Spirally and annularly grooved nails offer larger with- 
drawal resistance and lateral load-carrying capacity than plain- 
shank nails. Annularly grooved low-carbon-steel nails offer a 
larger withdrawal resistance than spirally grooved low-carbon- 
steel nails, while the withdrawal resistance of spirally and annu- 
larly grooved hardened high-carbon-steel nails is approximately 
the same. 

3 Typical data on the effectiveness of spirally and annularly 
grooved nail shanks in comparison with plain nail shanks are pre- 
sented in Table 2. 


STEEL, DIAMOND-POINT, 2!/2-IN- 


$ Both under withdrawal and lateral load, plain-shank and 
spirally or annularly grooved nails have similar rigidity within 
their design ranges; thus cause similar stiffness of nailed joints. 

5 Under constant rate of withdrawal, plain-shank nails retain, 
within given limits, a slowly decreasing holding capacity some- 
what below the ultimate holding capacity; spirally grooved nails 
continue to increase their holding capacity, although at a de- 
creased rate of increase, after the “initial ultimate withdrawal re- 
sistance” has been reached; annularly grooved nails reach a con- 
siderably greater ultimate withdrawal résistance at a larger with- 
drawal than plain-shank and spirally grooved nails, while this 
withdrawal resistance decreases at a similar rate to that of in- 
crease up to the ultimate. . 

6 Under lateral load, the ultimate lateral load-carrying capac- 
ity of plain-shank and spirally or annularly grooved nails is 
reached at approximately the same amount of deformation, 

7 Curvilinear relationships may be assumed between nail- 
shank diameter and both driving resistance and withdrawal re- 
sistance for plain-shank nails. Similar curvilinear relationships 
seem to exist for spirally and annularly grooved nails. The gen- 
eral correlation between nail-shank diameter and lateral load-car- 
rying capacity, as presented in reference (6), seems to be some- 
what conservative for plain-shank and spirally grooved nails in 
green white oak, green beech, and partially air-dry southern yel- 
low pine. 
* § The V-point, in comparison with the diamond point, has 
little effect on the driving resistance, withdrawal resistance, and 
lateral load-carrying capacity of plain-shank and spirally or annu- 
larly grooved nails. 

9 Ashort pilot for grooved nails does not have any appreciable 
influence on either driving or withdrawal resistance. 

10 High-carbon-stee] nails, having smaller shank diameters 
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TABLE 2 COMPARISON OF PER CENT EFFECTIVENESS OF LOW-CARBON- 
[ LONG, _ 0.135-IN-DIAM 
CEMENT-COATED PLAIN-SHANK, SPIRALLY GROOVED, AND ANNULARLY 
GROOVED NAILS ON BASIS OF COMPARISON WITH RESPECTIVE NON- 
COATED PLAIN-SHANK NAIL 


Plain-shank nail Spirally Annularly 
Wood ° . Non- Cement- grooved grooved 
species Property coated coated nail nail . 
In Driving resistance 100 100 122 123 
green Withdrawal resistance 100 128 i61 183 
white oak Lateral load-carrying capacity 100 105 114 *, B85 
In Driving resistance 100 i01 119 123 
green Withdrawal resistance 100 106 136 152 
beech Lateral load-carrying capacity 100 119 136 180 
In partially Driving resistance 100 96 120 124. 
air-dry Withdrawal resistance 100 166 125 244 
southern pine Lateral load-carrying capacity 100 128 150 124 


OCTOBER, 
than low-carbon-steel nails of the same lengths, are, type for 
type, somewhat easier to drive and have correspondingly smaller 
withdrawal resistance and lateral load-carrying capacity than 
low-carbon-steel nails with their larger diameters. 

11 Although the driving resistance of hardened nails is similar 
to that of nonhardened nails, the withdrawal resistance and lat 
eral load-carrying capacity of hardened nails can be considerably 
larger: 

12 Cement coating results in considerably increased with- 
drawal resistance of plain-shank nails immediately after driving 


into the low-density southern yellow pine and an almost negligible 


increase in withdrawal resistance for high-density beech. How- 
ever, cement coating does not increase withdrawal resistance or 
lateral load-carrying capacity of spirally or annularly grooved 
nails. 

13. Because of the considerable difference in moisture con- 
tent, the average driving resistance, withdrawal resistance, and 
lateral load-carrying capacity of nails in green white oak and 
beech on the one hand, and partially air-dry southern yellow 
pine on the other hand, did not differ greatly and as much as 


PLAIN-SHANK, 


would be expected if the nails were tested in these species witl 
like moisture content (7). : 

14 Driving resistance and withdrawal resistance increase with 
increase in wood density according to somewhat similar trends (7). 

15 Asaresult of variation in physical structure of the plank, 
driving resistance, withdrawal resistance, and lateral load-carry- 
ing capacity may vary within the same plank cross section, even 
if the lumber is free of growth irregularities (7). 
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Discussion 

T.D. Perry.* The nailis one of the most common items used 
in all kinds of woodworking, one of our largest industries. It is 
surprising that so little has been investigated, technically, with 
regard to the gripping power of nails having different shapes of 
shanks. 

Excellent as this paper is, there are two points which need clari- 
fication in this as well as in the author’s earlier paper on the sub- 
ject. 

Simplify the conclusions, by emphasizing major factors at the 
expense of less important ones, or break the results down into sec- 
tions, so that the number of variables in each bracket is much re- 
duced. Reading technical papers is no novelty to me, but I have 
to confess considerable confusion, even after a careful reading of 
this paper. Reading rapidly or scanning would not improve the 
casual reader’s conclusions. The facts are there but they do not 
stand out clearly against the background of lengthy testing pro- 


“cedure. 


Supplement the strength data by analyzing the economic fac- 
tors. If 8 lb of grooved shank nails are needed to carry the same 
load as 10 lb of common plain shank nails, what is the relative 
cost of the two lots? In other words, and in the last analysis, the 
dominating reason for adopting such nails would be either more 
strength at the same cost, or equal strength at less cost. 


H. J. Stone® states that with respect to the use of grooved 
nails in the field of building construction, the most important 
point is that ordinary nails are not nearly strong enough to equal 
the structural strength of the materials they fasten. To put 
this in another way, the frame used in the average home is, 
according to our tests, up to 5 times as strong as its fastenings. 
However, if properly grooved nails are used, their holding 


- power can exceed the strength of the lumber they. fasten, with 


the result that the frame of a house assembled with properly 
grooved nails will be fractured before the nails have yielded. 
It seems obvious that, since a house is ultimately not stronger 
than the fastenings which were used in its assembly, these fasten- 
ings should be as strong, if not stronger, than the lumber used 
in the construction of the house. 

While it may be argued that most houses are never subjected 
to extraordinary stresses, there are in almost all sections of the 


* country periods of high winds, extremes of temperatures, and 


other conditions which cause severe stresses on the house struc- 
ture. These stresses often result in cracks, warpage, and dis- 
tortions with resulting sticking of windows, door frames, and 


. Other comparatively minor distortions, which may result in re- 


pair bills, any one of which may exceed the additional cost of 
properly grooved nails. 

The advantages of grooved nailing also apply to roofing, wood- 
finishing, door and window frames, and other elements which 
often deteriorate and cause trouble. An asphalt-shingle roof 
fastened with properly grooved roofing nails will never leak due 
to nail popping. Here again, a single roof leak may be more 
costly than the entire differential in cost between annularly 
grooved nails and ordinary roofing nails. 

In the case of the grooved flooring nails, as compared with 


* Engineer in Wood Work, Moorestown, N. J. Fellow ASME. 
® General Manager, Independent Nail & Packing Company, 
Bridgewater, Mass. tinal 
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conventional nails, we have experiences with spirally grooved 
nails going back 15 or 16 years. We have no record of failure 
during that period of time. On the other hand, floors nailed 
with either conventional cut nails or common wire brads will in 
time squeak, buckle, and ultimately require renailing and re- 
finishing. 

Many of the cracks in walls and ceilings can be traced to failure 
of fastenings in the frame of a house and consequent settling of 
frames or distortion of walls. These conditions may be avoided 
with use of properly grooved nails which are proved in tests to 
exceed the strength of common nails as much as 1200 per cent. 

If the contractor or home owner desires to offset the slight addi- 
tional cost of properly grooved nails, this may be done by sheath- 
ing the house with one of several types of synthetic sheathing ma- 
terials. While such materials are not as effective as boarding 
when common nails are used, they may safely be used if the 
house structure is assembled and the sheathing itself applied with 
the respective grooved nails. The use of these grooved nails 
also allows the use of lower grades of lumber without reducing 
the ultimate strength of the building itself. 

AuTHOR’s CLOSURE 

With respect to Mr. Perry’s comments, it may be stated that 
this paper is to serve a twofold purpose. It is (a) to make availa- 
ble to the average engineer general information on the ad- 
vantages of using improved nails; and (b) to present detailed 
data to the nail user concerned with a large number of variables 
of little interest to the average engineer. The information which 
may be too detailed for the former, may contain too little data 
for the latter. Thus a relatively large amount of information 
had to be crowded into a given space. For those wishing to 
obtain additional information, parts or complete copies of refer- 
ence (7)? can be made available. 

Since presentation of this paper, a considerable amount of 
additional information on improved nails and their effects has 
been obtained. To those interested in this information, a 
supplement to the Bibliography appears at the end of this 
closure. 

Reference (10) contains a partial summary of fully compara- 
tive information on delayed nail-holding properties, as referred 
to in the paper and scheduled for later presentation. Thus it 
shows the effect of change in moisture content and elapsed time 
after nail driving on the test variables under discussion. 

With respect to the economic aspects created by the mass- 
production of grooved nails, Mr. Perry overlooked the aspect 
of considerably increased service at somewhat increased comt. 

In this case, this aspect can be combined with better service at 
the same cost or equal service at less cost, since the better service 
rendered by the individual grooved nail makes it possible to 
reduce, under given conditions, the number of nails hitherto 
required. 

One of the cases in which considerably better service can be 
obtained at even decreased cost for grooved nails, is that of the 
spirally grooved Screwtite flooring nails. In this particular case, 


* 50 lb of grooved nails replace 100 Ib of cut nails, with an increase 


in nail-holding power of 40 per cent, combined with a simul- 
taneous saving of 28 per cent of the cost of the cut nail. 

For a more complete analysis of the economic aspects of use of 
grooved nails, a cost ‘analysis (Table 3) is presented which was 
advanced for a 50-ft X 24-ft $10,000 five-room house with 
attached garage. 

Thus, at a cost of $10,000 for this house, the cost of all nails 
amounts to $65.70 or 0.657 per cent if of the plain-shank type, and 
to $106.25 or 1.0625 per cent if of the grooved type.’ In other 


7 Reference is to Bibliography at the end of the paper. 


* Reference (a) Table 3 of this closure. ba 
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10ST ANALYSIS OF NAILS FOR 
HOUSE 
Required — 


TYPICAL 


—Quoted cost* 


Nail Nail amount Plain-shank 
type size lb nails Stronghol 
20d 110 $ 7.98 $13.8. 
16d° 75 5.44 9 
eae 10d 4.44 7.58 
8d 130 9.75 16.51 
6d 5 0.40 0.66 
. { 10d 10 0.89 1.33 
Casing | 6d 5 0.48 0 69 
10d 10 0.89 1.33 
Finishing.............. 
4d 2 0.20 0.33 
8d 30 3.906 2.81¢ 
7d 35 4.81 5.86 
Shingle. errr 3d 65 10.40 16.71 
— roofing 1x11 60 8.10 14.04 
X 13 45 6.19 12.40 


* Based on retail quotations for products of the Independent Nail & 
Packing Company, Bridgewater, Mass. 

6 High-carbon-steel cut flooring nails. 

¢ 15 lb of spirally groovéd Screwtite flooring nails. 


words, for an increase of $40.55 or less than '/2 per cent of the 
total cost of the house, all the following advantages can be ob- 
tained, according to data presented in the paper and in refer- 
ences (8, 9, 10,11). It is not a necessity, of course, to replace all 
plain-shank nails with grooved nails. To date, replacement for 
individual applications has been more or less the case. On the 
other hand, with the increased amount of knowledge as to the 
beneficial effect of use of grooved nails, total replacement of nails 
must be given consideration under certain conditions. The ad- 
vantages follow: 


1 For the increased expenditure of $20.03 or 0.2 per cent of 
the total cost of the house given as an example, the unsheathed 
framing can offer a 4 to 6 times greater lateral-thrust resistance, 
with the frame joints possibly even stronger than the framing 
lumber (9). 

2 For a saving of $1.09, as a result of the use of 15 Ib of 
spirally grooved Screwtite flooring nails instead of the twice as 
heavy cut flooring nails, the flooring and stair treads can be 
more easily and quickly laid; under normal conditions do not 
come loose, squeaky or springy, cup or buckle; split tongues can 
be averted; whereby 220 and 40 per cent, respectively, greater 
withdrawal resistances .are obtained if comparison is made with 
the same-size plain-shank flooring brads and cut flooring nails (11). 

3 For an increased expenditure of $1.05, all the siding may 
be fastened in such a way that the nails will not “creep” or 
“pop”; thus the siding remains firmly fastened to the structure. 

4 For an increased expenditure of $6.31, assurance may be 
had that none of the wood or asbestos shingles will come loose 
since the use of grooved nails results in a 250 per cent’ greater 
holding power than attained by use of corresponding plain-shank 
nails. 
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5. For an increased expenditure of $5.94 for fastening asphalt- 
roofing shingles, assurance may be had that the nails will retain 
the shingles continuously tightly fastened as a result of the 50 
per cent greater axial withdrawal resistance of the grooved nails 
in comparison with the plain-shank nails. 

6 For an increased expenditure of $6.21, the plaster lath may 
be fastened permanently and firmly to the framework because of 
the 40 per cent increased holding power of the annularly grooved 
nails. Thus the possibility of formation of any cracks in plaster 
is considerably decreased. . 

7 For an increased expenditure of $2.10 for casing and 
finishing nails, the woodwork should never come loose. Thus a 
satisfactory fastening of all interior woodwork even after aging 
of the structure can be assured. 


The cost increases cited result from the use of an equivalent 
number of properly grooved nails to replace plain-shank nails. 
In many cases, a smaller number of grooved nails may be used 
without detrimental effect. Thus the increases in ex- 
peénditure may even be decreased. 


small 

All the improvements in the structure immediately after erec- 
tion and during its life, and the decreased cost of maintenance 
and repair, resulting exclusively from the use of grooved nails, 
can be attained for a cost amounting to less than '/2 per cent of 
the total cost. This small difference in initial aiek may be con- 
sidered ‘“‘an insurance premium of the entire value of the house 
for its lifetime, which will guarantee that the house will n6ét de- 
teriorate within its expected lifetime.” 

Although tables indicating the efficiency of grooved nails in 


comparison with plain-shank nails, as based on holding capacity - 


per dollar value, could be presented according to the data made 
available in this and other papers (10, 11), it is believed that the 
foregoing cost analysis for nails in home construction answers 
the question raised by Mr. Perry as to the economic aspects of the 
use of grooved nails. 


SUPPLEMENT TO BIBLIOGRAPHY 


8 ‘Comparative Tests on Old and New Grooved Nails,” by E. 
George Stern, The Wooden Box and Crate, vol. 11, December, 1949, 
pp. 21-25. 

9 “Grooved Nails Strengthen House Frames,’”’ by E. George 
Stern, Engineering News-Record, vol. 144, April 6, 1950, pp. 32-34. 

10 “Deterioration of Green Wood Along Steel Nail Shank and Its 
Influence on the Nail-Holding Properties,” by E. George Stern, 
Virginia Journal of Science, vol. 1, July, 1950. 

11 ‘Nails in End-Grain Lumber,” VPI Wood Research Labora- 
tory Release, October, 1949. 

“Improved Nails for Building Construction,” VPI Wood Research 
Laboratory Release, February, 1950. (Accepted for publication as 
Bulletin of the Virginia Polytechnic Institute, Engineering Experi- 
ment Statiop.) 
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i Head and Flow Observations on a High- — 
Efficiency Free Centrifugal-Pump Impeller 


By W. 


A series of studies of the flow through the various com- 
ponents of hydrodynamic machinery is in progress in 
the Hydraulic Machinery Laboratory of the California 
Institute of Technology. Observations have been made 
on an impeller patterned after the Grand Coulee design. 
The impeller was operated as an isolated unit hydrau- 
lically free of the casing. The flow pattern at the discharge 
has been determined quantitatively for one flow rate, and 
a head-capacity curve for the impeller has been obtained. 
This paper constitutes a report on the findings up to the 
present. 


INTRODUCTION 


N the past most of the experimental work carried on in the 
field of rotating machinery has dealt with the machine as a 
whole, and because of the technical difficulties involved, 

comparatively little has been done to determine the performance 
characteristics of the individual elements which make up the 
whole. As a rough classification, such a machine can be thought 
of as consisting of three parts, namely, (a) the stationary inlet 
member, (b) the rotating member, and (c) the stationary outlet 
member. 

Some empirical work has been carried out in which various 
rotating members have been tested with the same stationary 
members and vice versa, but the test results obtained in these 
cases have been referred to the performance of the combination 
as a complete machine, and the effect of changes in the individual 
member has been inferred only through the effect of such changes 
on the over-all performance. Several laboratories, particularly 
those of Spannhake, Thoma, and Pfleiderer, in Germany (1-9),° 
have undertaken experimental investigations of the detailed 
characteristics of the flow in the rotating passages, and a few 
workers have explored the flow during its transition from the 
rotating member to the case. In practically all instances, how- 
ever, the experimental machine has been greatly simplified, 
usually to the point of making the runner two-dimensional. 
The gain from such simplification has been twofold, namely, the 
experimental difficulties have been lessened appreciably, and the 
possibility of parallel analytical studies has been improved. 
Unfortunately, the losses accompanying the simplification have 
included large decreases in efficiency, lowered resistance to cavi- 


tation, and a general lack of similarity to the performance char- 


acteristics of modern hydraulic machines. 
Much effort has been devoted to the development of a satis- 
factory analytical treatment’ of the flow in hydraulic machines. 


1 Research Engineer, Hydraulic Machinery Laboratory, Cali- 
fornia Institute of Technology. Jun. ASME. 

Senior Research Engineer, Hydraulic Machinery. Laboratory, 
California Institute of Technology. Mem. ASME, 

3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Hydraulic Division and presented at the 
Annual Meeting, New York, N. Y., November 27-December 2, 
1949, of Toe American Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—A-108. 
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Considerable progress has been made in the analysis of the axial- 
flow machine based upon airfoil theories, especially in the zone 
of efficient operation. However, for abnormal operating condi- 
tions even in the axial-flow machines, and for all conditions in the 
machines having appreciable components of radial flow, the pres- 
ently known analytical methods leave much to be desired. If 
the performance of the individual elements of machines having 
good characteristics and high efficiencies could be obtained ex- 
perimentally, and especially if the details of the flow could be 
determined, as well as the over-all characteristics of the elements, 
it would greatly enlarge the possibilities of developing a satisfac- 
tory analytical treatment and at the same time improve design 
possibilities through the use of more detailed empirical informa- 
tion. 

In an effort to meet this need, a project has been initiated at 
the Hydrodynamics Laboratory of the California Institute of 
Technology under the sponsorship of the Office of Naval Ke- 
search for the primary purpose of making detailed studies, both 
experimental and analytical, of flow through various components 
of well-designed modern hydraulic machines. Since the exist- 
ing facilities of the Hydraulic Machinery Laboratory (10) were 
not readily adaptable to the type of experimental work antici- 
pated, a smaller more suitable laboratory was constructed. 


LABORATORY FACILITIES 


_ The project is located on the mezzanine floor of the Hydraulic 
Machinery Laboratory. The equipment is arranged to provide 
a flow of water in a closed circuit which is shown schematically 
in Fig. 1 and which consists essentially of three principal sec- 
tions. One section functions primarily as a supply reservoir 
and includes the necessary equipment to deliver and meter a 
steady flow of water at various pressures and flow rates. It 
includes the reservoir and service pump, the Venturi meters and 
the throttle valve. This part of the circuit is independent of 
whatever test arrangement is made. 

The second section functions principally as a distribution cir- 
cuit and includes an adaptable arrangement of distributing 
headers, valves, and piping which may be arranged in various 
combinations to carry the flow from the throttle valve to and 
from the test elements in the particular manner and direction 
required by the unit under observation. Fig. 1 shows two of 
the several flow circuits possible. The major portion of this sec- 
tion is expendable and may be modified as the research requires. 

The test stand is the third part of the circuit. Here ar2 pro- 
vided facilities for mounting, operating, and testing hydraulic- 
machine elements. The principal parts are the approach piping, 
the test basin, and the vertical dynamometer. These com- 
ponents are all in duplicate and thus allow two different studies 
to be run alternately and effect a great saving of time. Fig. 2 
shows the test equipment as arranged for the photographic studies 
herein reported. One of the vertical dynamometers has been 
removed and replaced by a centerless impeller-drive mechanism 
to allow a full view of the impeller. Windows have been installed 
in the test basin to facilitate lighting and provide additional ob- 
servation points. Fig. 3 presents the parallel test setup on the 


opposite side of the test stand. W ith this arrangement over-all 
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&; i€ machine element to be examined. The rotating 


member was selected since it may be considered 
as the primary element of the pump; the princi- 
pal interchange of energy between the machine 
and the fluid takes place in its rotating passages. 
The initial studies were confined to observations 
of the flow pattern at the discharge section of the 
impeller and to determinations of the over-all 
head-capacity characteristics of the impeller run- 
ning free of its case. The discharge section of a 
modern medium-specific-speed impeller lends itself 
more readily to observation than does the inlet 
section and hence was selected as a logical start- 
ing point for a series of investigations which even- 
tually will cover the entire impeller passage. Like- 
wise, the head-capacity is the beginning of a series 
of studies designed to cover the complete over-all 
operating characteristics of the impeller. It is the 
purpose of this paper to report the findings of these 
initial studies and to present the tentative conclu- 


= sions that have been drawn. 
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The test impeller used was very similar in de- 
sign to the Grand Coulee pump impeller. This 
pump is a high-efficiency unit of medium specific 
speed, VN, = 100 (Q in cfs), and its design is rep- 
resentative of modern practice. The entire series 
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head-capacity characteristics of the impeller were determined. 

The project is a self-contained unit and can be operated inde- 
pendently of the other equipment in the building. - However, 
to avoid duplication of equipment, the three Venturi meters may 
be connected to the main calibrating circuit of the Hydraulic 
Machinery Laboratory (10) and the existing facilities used for 
éalibration. Fig. 2 shows the two points of interconnection. 

The apparatus covers the following ranges: 


1 Flow rates up to 4 cfs with a head differential of 66 ft at thre . 


test unit. 

2 Power input or absorption up to 30 hp. 

3 Dynamometers capable of rotative speeds of 100-2000 rpm 
in either direction. 


The physical size of the test elements is not rigidly fixed. 
However, rotating channels up to 12 in. diam and diffuser or vol- 
ute casings up to 30 in. diam may be accommodated. 

Although the conventional opaque metal cast elements can be 
used in some test work, techniques have been developed at the 
laboratory for precision manufacture of these elements from 
transparent materials such as Jucite. This not only makes pos- 
sible the use of the various photographic techniques (12, 13} 
which have been developed and found to be extremely useful in 
observing and analyzing flow phenomena in the Hydrodynamics 
Laboratory (11), but it also offers advantages of controlled dimen- 
sions and guarantees symmetry and reproducibility to a degree 
essential for precise test work, which, ordinarily, are ‘unattaina- 
ble with standard cast elements. 


Ossect or Tests 


4 


of Grand Coulee model pumps was tested in the 

Hydraulic Machinery Laboratory and thus there 

is much detailed information available on the over- 

all performance of the pumping unit (15). Fig. 4 

is a scale drawing of the impeller and presents its 

principal dimensions. The shroud curvature, the 
discharge and inlet vane angles, and the vane jength were modeled 
to seale directly from the Grand Coulee design. However, the 
slight curvature or spooning of the vane in the eye was omitted 
and the vane was terminated along a straight line in the merid- 
ional projection. Although this alteration speeded production 
of the test impeller, it is not a limitation of the manufacturing 
technique; exact curvature of the prototype can be duplicated 
in the model if tests indicate the necessity. The discharge-vane 
tips were left blunt for the present tests. 


A Free IMPELLER 


It was required that the flow through the rotating impeller be 
independent of external effects. The flow was delivered to the 
impeller eye by a nozzle which matched the eye diameter exactly, 
and which was designed to give a uniform velocity profile at that 
section (14). The impeller was mounted direetly above the 
nozzle and was rotated about a vertical axis. When using the 
centerless impeller mount, Fig. 2, the large journal bearing lo- 
cated between the impeller and the nozzle effects the necessary 
seal, whereas in the setup for the head-capacity measurements a 


Ting of '/,in-sq packing seated in a groove in the nozzle bears 


against the impeller and seals the suction side against leakage. 
It was intended originally that the impeller should be operated 
with a free atmospheric discharge, Fig. 5; however, as the capac- 
ity is reduced, thus lowering the static pressure in the eye, a point 
of instability is reached; the water breaks away from the top 
shroud and air flashes back into the impeller. This results in 
operating: with passages partially filled, Fig. 6. Operating the 
impeller at extremely low speeds will avoid this difficulty, but the 
magnitude of the head generated and the flow rate are reduced 
correspondingly, and measurements become exceedingly difficult. 
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A symmetrical stationary collector about the discharge of the 
impeller furnished a satisfactory solution to the problem. The 
collector matches the impeller width at the periphery of the 
impeller and reduces to a smaller opening at its outer rim. A 

* cylindrical weir is used to vary this opening and thus maintain 

a sufficiently high pressure in the collector and impeller to pre- 

vent flashback. The clearances between the impeller and the 

collector are close-running. Qualitative and quantitative stud- 

ies of the flow pattern at the periphery of the impeller in the zone 

indicated in Fig. 4 were made with the impeller discharging 

freely, and also into the collector. These showed that the latter 

Derermintnc Heap-Capactry CHaric- ad no perceptible effect on the pattern of flow in that zone. 
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riphery, it is believed that the flow pattern at the discharge and 
throughout the entire impeller is unaffected. The test unit so 
arranged is considered to be hydraulically independent of the test 
setup and hence is referred to as a ‘‘free impeller.”’ ‘ 


FLow OBSERVATION 


Instrumentation and Procedure. A three-dimensional photo- 
graphic technique was used in making the quantitative flow 
studies. Thus the problems of instrument response and ob- 
struction to the flow presented by mechanical methods were 
eliminated. However, photographic techniques required that 
the test passages be transparent and that suitable photographi- 
cally identifiable particles be present in the stream. A mixture 
of dibutyl phthalate and kerosene proportioned to give a specific 
gravity equal to that of the water,‘ colored white and observed 
against a black background, was found to be satisfactory. This 
mixture is immiscible with water and, when injected into the flow, 
forms small globules which retain their identity and, when il- 
luminated properly, are photographically discernible. Unlike 
the more common carbon tetrachloride-benzene solution, the 
mixture is not injurious to lucite. The tracers were released 
from a series of small capillary tubes arranged in the throat of 


4 Equality was satisfactory when globules remained suspended in a 
sample of the water. 


mig Fie. 7 Stereoscopic 


the suction nozzle. Neglecting the minor surface-tension 
effect, the small tracers formed, '/3. to '/:s. in. diam, may be 
considered to follow the same flow paths as the water itself. 

The tracer paths were recorded with a stereoscopic camera. 
The stereoscopic technique was necessary to establish the axial 
position or third dimension of the tracers in the passages. In 
Fig. 2 is shown the camera located above the periphery of the 
test impeller. A series of exposures were made on each plate with 
a controlled burst of flashes of a high-speed multiflash lamp. 
When the flash rate was matched properly with the impeller 
speed, the familiar golf-ball-type pictures resulted, Fig. 7. In 
this manner a number of positions of a tracer were recorded. To 
determine the tracer velocity, the stereophotographic images were 
projected back into space through the same lens system, that is, 
the camera was used as the projector and the space positions of 
the tracers at each interval of time were located. In this manner 
the angular, radial, and axial position of the center of each tracer 
group, the inclination of the group to the tangent, and the dis- 
placement of the tracers within the group were obtained. Know- 
ing the time interval, the average velocity of each group was 
calculated. The shaded peripheral zone in Fig. 4 indicates 
the region covered by the analysis. The centers of all tracer 
groups fell within this zone. ; 

The test impeller was operated at 150 rpm and a capacity of 
0.293 cfs. At this capacity it was possible to operate the im- 


peller both with and without the collector and hence make the ~ 


comparative studies mentioned previously. The unit capacity 
for this operating point is 0.165, Fig. 11. Referred to the Grand 
Coulee prototype performance, this represents approximately a 
capacity 40 per cent above the maximum efficieney point and 
approximately coincides with the upper operating limit of that 
installation. 

Discussion of Results. Figs. 8 and 9 present the results of the 
tracer studies. The plotted points were all obtained from tracer 
groups selected at random, the only requirement being that they 
be within the zone under observation. 

The wide scatter of the data is most interesting. At first it 
might be thought to be experimental error. However, a varia- 
tion of +50 per cent cannot be attributed to experimental errors 
which did not exceed +2 per cent. The second explanation that 
might be proposed is that the scatter was caused in part by the 
inclusion of data at various impeller radii and depths within the 
zone. No correlation between these factors has been observed 
and hence this contention is not supported by experimental evi- 
dence. The scatter could be attributed to any asymmetry exist- 
ing in the flow through the impeller. However, tracer data were 
recorded in one specific channel and also in channels at random, 
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and no asymmetry could be detected. It is possible that large- * 


* scale turbulence, present in the incoming flow, might be the source 
of this dispersion of data. Dye*streak studies have been made 
in the impeller approach over a wide range of capacities. Large- 
scale turbulence was not observed until the dye streaks came 
into close proximity with the impeller passages. It is concluded 
that the point scatter is due to large-scale turbulence which de- 
velops within the impeller passages. 

It is interesting to note the increase in the scatter in the region 
near the trailing edge of the vane which strongly suggests an 
unstable flow condition. However, although an instability has 
been noticed in other photographic studies recently completed, 
a large rolling eddy has not been observed. The scarcity of 
points close to the trailing edge of the vane is a limitation im- 
posed by the photographic method employed. When a series of 
exposures are made on one plate. the vane images obscure that 
area. Stereoscopic high-speed motion pictures overcome this 
difficulty. 

The pronounced dips at mid-passage of the radial velocity Cn, 
the relative discharge angle 8:, and the absolute discharge angle 
a, are the most striking features of the data. The decrease in 82 
is to be expected from theory. Likewise, theoretical considera- 
tions show that Cyn2, 82, and a: must each be of equal magnitude 
at opposite sides of the vane passage, and this point is verified. 
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Fic: 9 Reative AND ABSOLUTE ANGLES AND @ AT DiscnancE 
However, the C,,. profile is not yet substantiated by theory. 
Although a three-dimensional analytical solution of the problem 
is not available, the analysis of a two-dimensional straight radial- 
vane impeller indicates that, for that special case Cm: varies 
almost sinusoidally about a uniform average through-flow, being 
least near the leading edge of the vane and greatest near the 
trailing edge. The present data do not show this trend to exist 
in a modern three-dimensional impeller. The a: variation 
must necessarily follow the trend indicated, once Cm and 2 are 
established. 

The obvious dip present in the other plots is noticeably absent 
in the Cy data. The points suggest that the time-average spe- 
cific energy about the periphery of an impeller is constant. 

The horizontal dotted lines represent values of Cm2, Cuz, 82, and 
a2 based upon the Euler infinite-vane theory, namely, the relative 
discharge flow angle 8; equals the vane angle $2, and is every- 
where constant, and C2 is constant about the periphery. It is 
interesting to note that the position of this line with respect to 
the averages of the test data is in agreement with theoretical 
deductions. The Euler line must represent the average radial 
velocity, whereas it should lie above the mean and Cy and 
below the mean a». 

The instantaneous absolute streamlines pictured in Fig. 10 
were sketched from a large number of data prints. The stream- 
lines are spaced at random and hence represent flow direction 
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only. It is interesting to note that in the region following the 
vane there is no evidence of backflow. 


DETERMINATION OF Heap-Capaciry CHARACTERISTICS 


Instrumentation. The inevitable losses involved in the use of a 
measuring point at any distance from the impeller made it de- 
sirable to use total head tubes close to the inlet and outlet to 
determine the energy of the inflow and outflow from the test im- 
peller. Although there is some doubt as to the correct reference 
pressure at the inlet, considerations of symmetry indicate that 
the total head at some point on the center line of the suction 
nozzle seemed to be a desirable location at which to measure the 
total head of the incoming flow. A total-head tube directed 
upstream was located at the inlet to the pump impeller at a point 
7/s, in. below the plane of the intersections of the vane leading 
edges with the suction shroud. The total-head tube at the outlet 
was mounted on a rotatable mount and was retractible through a 
sleeve set at right angles to the axis of rotation. By these means 
the inlet to the total-head tube could be set at any predetermined 
distance from the impeller, and its axis ‘could be aligned with 

* the approaching flow. The direction of the flow at the nose of 
= total-head tube was determined by a probe carrying a fine 
thread. 

Since it has not been possible to obtain a pressure gage with 

n accuracy and frequency response sufficient to follow in detail 
- the variations in total head, a damped water-column manometer 
connected directly to the metal total-head tube was used. The 
air side of the manometer was connected to the air space of a 
waterpot. The water side of the waterpot was supplied by the 
- total-head tube at the inlet to the impeller; thus the differential 
head across the runner could be read directly. By adjusting the 
height of the water level in the pot a large range in head could be 
covered without great variations in the height of the water level 
in the manometer tube, Fig. 3. 

The question always arises in applications where the measured 


by the manometer. Experiments were made to determine the 
influence of the damping imposed on the measuring head, and it 
was found that a large degree of damping gave steadier readings 
which were fully consistent with the mean readings obtained with 
less damping. Since the total-head tube measures a fluctuating 
energy level directly, and since speed and flow control were of 


‘ 


es head fluctuates, as to the meaning of the reading obtained 
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such quality that the fluctuations could be considered a steady- 
state condition, a viscously damped system should read the true 
average total head. . 

Variation of Total Head Across Outlet. Since the flow through 
a radial-flow .pump involves essentially a change of direction 
from axial to radial, it was of interest to determine the variation 
in total head between the lowermost streamline that emerges at 
the suction or lower shroud and the uppermost streamline that 
emerges at the back or upper shroud. This is particularly inter- 
esting in view’of the velocity field observed photographically and 
discussed previously. A location was chosen for the total-head 
tube '/is in. distant from the periphery of the impeller. At this 
location the total-head tube was aligned with the mean streamline 
and traversed vertically across the width of the impeller. At the 
chosen flow rates it was found that the energy of the lowermost 

_ Streamline was approximately 5 per cent greater than the energy 
‘a the uppermost streamline. On the basis of these observations 

1 location was chosen halfway between the two shrouds at the 
‘t for the subsequent work reported here. 

Influence of Prerotation on Accuracy of Observations. . Experi- 
mental work on complete pumps has shown that the flow condi- 
tions in the inlet pipe are in many cases highly complex. This 
requires that justification be provided for measuring the- inlet 
total head with the total-head tube close to the impeller at the 
center line of the suction nozzle. This was done in the following 
manner: 

The outlet tot: al- head tube was set at '/\.in. from the periphery 

* of the impeller at mid-width, and the total head change between 
the inlet and the outlet was recorded for a large range of flow 
rates.. A typical run is shown in Fig. 11 which is a dimension- 
less head-capacity characteristic for the test impeller. Since it is 
reasonable to suppose that the inlet effects, if any, must decrease 
in intensity as one recedes further from the disturbing influence, 
other runs were made using the piezometer taps located after the 
inlet straightening vanes which are some distance upstream 
from the impeller inlet and guarantee a smooth velocity profile in 
the approach pipe. 

The results of these measurements are plotted in Fig. 11, in- 
cluding the necessary corrections for approach-velocity head, but 
omitting the small loss due to the friction of the finite length of 
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pipe between the piezometer taps and the impeller eye. This 
latter correction has not been applied to the typical run shown in 
Fig. 11 and would improve the agreement at the higher values 
of dimensionless capacity where its influence is appreciable. 

It should be observed that the points plot along the same line 
as the points determined using the total-head tube in the inlet. 
This is believed to indicate that in this installation the backflows 
which may exist do not affect the accuracy of the total-head tube 
in the eye. Since total head is the measure of the energy of the 
fluid at the point of measurement, it seems that there has been no 
energy supplied by the pump to the incoming fluid at the meas- 
uring point. Visual observations with dye introduced at the eye 
indicate that the disturbances in the eye are localized close to 
the vane leading edges. 

Impeller Characteristics. The type of observation discussed in 
the previous paragraphs may be used,to study some of the de- 
tailed qualities of an impeller. Near the point of zero head, the 
head-capacity curve shown on the unit plot in Fig. 11 is closely 
linear. In the range of maximum efficiency of the prototype im- 
peller, the linearity has disappeared and the characteristic turns 
smoothly without discontinuities. At a value of C,2/um = 
0.075, the smooth trend of the characteristic is broken, and in 
this region a scatter of points was obtained which indicate that 
the operation of the impeller is unstable. The region of insta- 
bility is indicated by the dip in the characteristic. After this 
region is passed, unique values are again obtained for the dimen- 
sionless head. 

As a matter of interest, the unit characteristic of the prototype 
impeller is plotted in Fig. 11 and is marked ““GC-7 Vanes.”’ The 
zone Of discontinuity for this impeller is marked by two vertical 
lines which fall in practica] coincidence with the zone of dis- 
continuity of the six-vane test impeller. Work has not yet been 
completed on the five-vane impeller based on the same prototype 
to enable definite conclusions to be drawn from this coincidence. 


It indicates, however, that the position of the unstable range may ~ 


depend primarily on the vane shape for impellers having suffi- 
cient vane overlap. 

Prerotation. It was observed very early in the experimental 
work that the impeller developed zero head at a flow which still 
showed a positive tangential component of absolute velocity at 
the outlet. This has been verified very carefully both by observa- 
tions of the absolute flow and by measurements with the total- 
head tube at the outlet. Since this condition requires that the 
flow enter the eye with a positive prerotation, there seems to be 
no doubt that such a phenomenon occurs, although visual evi- 
dence indicates that this is a local effect. The absolute angle of 
emergence of the flow at the periphery is quite acute and cannot 
be attributed to experimental error in the measurement of the 
direction of the outflow. 

Variation of Characteristic With Position of Outlet Total-Head 
Mexcurement. The type of total-head tube used in these investi- 
gations was not sensitive to yaw of the flow over the angles en- 

‘countered at the outlet of the impeller except, perhaps, in the 
neighborhood of the vane tips. The vane tips were left wide and 
unsharpened. When runs are made with the Pitot head further 
from the outlet than has been used in the previous experiments, 
lé6wer total heads are measured. Fig. 11 shows a few points 
taken at */sin. from the periphery and 4/, in. from the periphery, 
and they define a characteristic lower than the one obtained 
with the measuring point !/;sin. from the periphery. On the basis 
of present evidence it is not possible to explain this shift. Varia- 
tions in instrumentation have not caused any noticeable dif- 
ference in this phenomenon, and it cannot reasonably be ascribed 
to losses due to mixing or to the losses in the rudimentary collector 
ring. 

The lowest curve in Fig. 11 was obtained with the measuring 


= 
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point distant from the periphery of the impeller before the be- 
havior of the total head near the impeller was noticed. This 
curve represents a minimum and undoubtedly contains losses 
due to the collector ring. 

The head-capacity line, based on an infinite number of vanes 
and the outlet vane angle, is also shown in Fig. 11, as well as two 
lines for six and seven vanes, based on Busemann’s (16) solution 
of the two-dimensional radial-flow impeller with a finite number 
of logarithmic spiral vanes. The displacement between the 
GC-7 vane characteristic and the Busemann line for seven 
vanes indicates that the characteristic for the test impeller is too 
high in relation to its corresponding Busemann line for six vanes. 
This indicates that the experimental data based on a measuring 
point very close to the outlet contain a systematic error. How- 
ever, this discrepancy does not affect the experimental procedure 
when general characteristics of the runner are being investigated 
and efficiency determinations are not involved. 

Influence of Collector Ring. The collector ring used in the de- 
termination of the characteristic consists of two parallel plates 
set apart the width of the outlet which were necessary to pre- 
vent air from striking back from the free surface. In order to 
throttle the outflow, one cylindrical ring was attached to the 
circumference of each collector-ring plate, and these could be 
set apart a determined amount. A systematic series of runs 
showed that in the range of operation there was no influence of 
the throttle gap on the measurements. 

Affinity Relation. The data presented in Fig. 11 were ob- 
tained at a rotative speed of 225 rpm; at this speed the maximum 
head reading was 2.06 ft. This permitted a high accuracy of 
measurement of the differential head except near zero head. 
Flow measurements were accurate to better than 1 per cent at 
all flows. 

With this accuracy available, another series of runs were made 
at 150 rpm to detect, if possible, the influence of rotative speed 
on the characteristic which could be significant at the low speeds 
used in these tests. The correspondence between the dimen- 
sionless head-capacity plots for the 225-rpm series and the 150- 
rpm series was complete within the accuracy of the experimental 
data. 
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Discussion 


A. J. Acosta. The need for a series of investigations on the 
individual elements of a hydraulic machine has been recognized 
for some time. Due to the somewhat inconclusive experimental’ 
results to date, it has been impossible to evaluate the separate 
effects of the components of a hydraulic machine. For that 
reason, the interpretation of observed phenomena and correla- 
tion with any real or perfect-fluid theory has lagged. Accord- 


ingly, the study of an impeller or volute, wherein its effects are © 


isolated, should enable the laboratory to perform for the first 
time definitive tests as to the nature of flow in hydraulic ma- 
chinery. 

In reference to the plots of Cre and Cy (Fig. 8 of the paper), 
the authors state that there is as yet no theoretical justification 
for their behavior. The writer has had occasion to make an 
analysis of the flow of an inviscid incompressible fluid in a two-. 
dimensional rotating-vane system. Inasmuch as an “‘ideal”’ 
solution offers possibilities of interpreting test data, it seems per- 
tinent to present it now. The geometry of the chosen idealized 
impeller consists of eight logarithmic spiral vanes with a charac- 
teristic angle of 45 deg and a radius ratio of 0.5. The analysis 
involves the numerical evaluation of the differential equation 
governing the flow subject to appropriate boundary conditions. 
In the case considered, an absolute co-ordinate system (station- 
ary with respect to the inertial reference frame) was chosen so 
that the differential equation to be solved is Laplace’s equation 
in two dimensions, i.e., 0?U/dx? + 0?U/dy? = O where U is 
either the stream function or velocity potential for the flow. 
The boundary conditions are: (a) there is no flow through the 
vanes; (b) there is no flow around the tip of the vanes at exit. 
This latter condition is merely a statement of the Kutta-Joukow- 
sky principle for the flow around lifting surfaces. The vanes are 
taken to be infinitely thin, although this condition is not neces- 
sary for the solution of the problem. Finally, we require that 
the velocity diminish to zero at an infinitely great distance from 
the impeller. Then, to within an additive constant, the stream 
function and velocity potential for the flow are uniquely defined, 
and the velocities in the field may be computed from either. The 
flow rate through the impeller is accounted for by placing a line 
source at the origin. Rather than compute a number of solutions 
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for separate flow rates only two need be found, since othe resulting 
velocity field within the impeller can be resolved into two parts, 
namely, (a) the flow due to the rotation of the vanes without any 
net through-flow (corresponding ‘to shutoff head); (b) the flow 
from a source through a set of radially disposed stationary guide 
vanes. Solutions of this latter sort are available.*. Combined 
with the present work which is only for zero flow rate, the flow 
for any operating point on the head flow-rate diagram may be 
obtained by taking a linear combination of (a) and (b). 

The solution itself was effected by the so-called “relaxation” 
method.’ Briefly, the method for solving Laplace’s equi ation is 


‘as follows: The value of the function in the region of interest is 


approximately determined at the intersecting points of a rec- 
tangular grid. Then, to the first order, the finite-difference 
equation representing Laplace’s equation is y, + yo + vs + vs 

4 Avo = 0, where y to ys are the values of the function at the 
nearest four intersecting points to the point 0. This equation is 
satisfied at each point in the region by a trial-and-error process. 
Ways in which this is readily accomplished are discussed by 
Southwell.? 

The solution was carried out by the method described, and 
from it the variation of the radial velocity across the impeller- 
exit section was determined and is shown in the accompanying 
diagram, Fig. 12. The value of the unit head at zero flow rate 
is 0.79, which is the same as that given by Busemann’s theory* 
for logarithmic vanes. Although it is unfortunate that the 
dimensions of the impeller chosen for analysis are somewhat 
different from those of the test impeller, the order of magnitude 
of the velocities and the general features of the flow.will be the 
same. 

Comparing Fig. 8 of the paper with Fig. 12 computed by the 
writer, one sees that the dip in the radial-velocity distribution is 
substantiated by theory. For logarithmic vanes of the angle 
and radius ratio used in the analysis and for the test impeller, 
the radial-velocity variation at the impeller exit is nearly un- 
affected by the flow rate; so we are justified in comparing the 
variation at, zero flow rate with that of the experiment. The 
range of variation seen in Fig. 8 is about a radial velocity of 
1 fps, or in a dimensionless form it is 0.15, arrived at by dividing 
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by the peripheral velocity. The maximum variation computed 
I I 


‘from the two-dimensional ideal fluid case is about AC. ./U,; = 


0.14. The only noticeable departure in general trend between 
the two is found near the leading surface, where it is seen that 
the area of positive Cm»: is much less for the computed case than 
for the test results. This is, however, the trend - would 
.expect as the vane angle bosomnes steeper. 

As the authors mentioned, the dip apparent in the Crna, 82, and 
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NACA, T.M. 1022. 

7 “Relaxation Methods in Theoretical Physies,’”’ by R. V. South- 
well, Oxford University Press, London, England, 1946. 

Refer to author's Bibliegnphy (16). 
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a, is not evident in the Cy: (absolute tangential velocity at exit) 
plot. For the special case analyzed, the range of variation of 
C.z compared with the mean value was found to be 18 per cent, 
12.5 per cent being positive occurring at the boundary on the 
vane tip. It is, then, not surprising that a variation of this order 
of magnitude should not be observed on the authors’ plot, in 
view of the large point scatter. 

The general trend of the data presented is seen to follow that 
predicted by two-dimensional perfect-fluid theory, a surprising 
fact considering the high level of turbulence present in the flow. 
However, the limitations of perfect-fluid theory for flows of this 
sort are as yet unknown. The writer is interested in this prob- 
lem and hopes to see it explored further. 

This work was supported by the Office of Naval Research. 


Autuors’ CLOSURE’ 


The authors thank Mr. Acosta for his discussion and consider 
it a valuable contribution. More complete and detailed studies 
made on a series of impellers since the completion of the paper in- 
* dicate that in the region of the design point, the total head gen- 
erated by the impeller matches rather well (within 8 per cent) the 
ideal Busemann value, and also that the head-capacity curve of 
the Tree impeller follows very closely the ideal straight-line rela- 
tionship. In this region prerotation is nil; there is no separation 
within the passages and the discharge flow pattern is primarily 
two-dimensional. Hence, in this region, the two principal parame- 
ters present in the real fluid case but omitted in the ideal case 
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good correlation between potential theory 


A PUMP IMPELLER 


are viscosity, », and the temporal velocity variations ae If 
t 


through continued research the effects of these quantities on the 
idea] solution can be determined, an extremely powerful tool 
would be made available to the researcher and designer. 

Unfortunately, the whole picture is not quite as simple as might 
be inferred. At off-design points, observations show that the 
flow separates from the channel walls and follows unknown and 
indeterminate boundaries. Cross flows develop and the discharge 
flow pattern does not remain two-dimensional. These elements 
impose serious limitations on the potential approach in the very 
regions where its use to predict off-design point performance 
would be most desirable. On top of all this, it must be remem- 
bered that the idea] situation applies only to a free impeller; an 
impeller operating in an infinite fluid medium with stationary 
boundaries only at infinity. Tests have shown that the charac- 
teristics of the complete pump, consisting of impeller and case, 
differ widely from those of the free impeller at all points except 
the design point. Hence the effect of the volute must be con- 
sidered and incorporated in the final solution. ° 

It is not meant to imply by these remarks that the potential 
solution is considered either impractical or impossible. The in- 
tent of the authors is to point out the long road ahead and the 
vast areas yet to be explored, and to underline the statement that 
at these early stages of the work it is most gratifying to find a 
and experiment in 
some parts of the field. 
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The Flow Through Centrifugal Compress 
Pumps) 


By H. E. SHEETS,' AKRON, OHIO 


The flow through centrifugal compressors and pumps is 
a three-dimensional flow problem and is of such a com- 
plex nature that an exact solution is not obtainable. 
The literature (1, 2)? shows the differential equations 
which the flow through an impeller must follow. An 
approximate solution to these equations is found by means 
of certain assumptions which are possible for impellers 
within a limited range of specific speeds. The solution 
gives the approximate velocity and pressure distribution 
in the impeller passages. The knowledge of the velocity 
distribution is used to analyze the phenomena of pulsa- 
tion and blade stalling. The method has also been used 
in mixed-flow compressors ‘and: radial- and mixed-flow 
The application of this method for two impel- 

Shr 


turbines. 
lers and test data are presented. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


a = distance between 2 blades normal to flow | ines 


c = absolute velocity . 
f = area 

l = blade length 
m = mass 

p = pressure 
= impeller radius 
= blade pitch 

= tip speed of impeller 
= relative velocity 

= blade number 
, = specific speed 
Q = total flow 
R = blade radius of curvature 
B = blade angle 
= specific weight 

= angular velocity 
o = blade solidity 


Pet@ tas 


Indexes; 
2 = impeller exit 
1 = impeller inlet 
* = arbitrary point in impeller passage 
Other symbols will be defined in the text. 


DERIVATION OF APPROXIMATE SOLUTION—BLADE CENTER SeEc- 
TION 


The approximate solution of the flow problem considers the 
impeller-blade passage as a rotating channel for the center sec- 
tion. The first step is the determination of the approximate 


1 Goodyear Aircraft Corporation. Mem. ASME, 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Hydraulic Division and presented at the An- 
nyal Meeting, New York, N. Y., November 27-December 2, 1949, 
ofjTue American oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Revised manuscript received at ASME Headquarters, 
April 4, 1950. Paper No. 49—A-154. 
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velocity distribution in this center section, and then the solutions 
for the exit and inlet of the blade passage are added. The result 
gives the nonuniform velocity distribution throughout the entire 
blade passage. 

This method is therefore limited to blade passages which are 
long enough to permit a division in three sections, and it is 
necessary that the center section, treated as a rotating channel, 
extend at least over a limited length. Therefore the proposed 
method is limited to a range of blade solidity 


l z 
l 
[la] 


This definition for blade solidity is given in reference (3). 
Fig. 1 shows a schematic drawing of an impeller. For two- 
dimensional flow the blade width has a constant value, b = const. 
Considering the relative flow in the center section of the rotating 
channel in Fig. 1, we apply to the particle of mass dm the com- 


ab os 


Forces in A Rotatinc CHannet Wits Backwarp Curvep 
VANES 


1 


plementary forces dm rw* and dm 2ww. The normal acceleration 
toward the center of curvation is w*/R, and we have the equation 
of motion 


dm = = df(p — p*) + dm 2ww — dm rw cos B.... {2} 


for backward-curved vanes, 


Since 
ab 
ani—- = 
g vg he 


Ors 
43%" 


and 


and according to Fig. 1,*taking dn positive from the low-veloc sity 
side of the blade to the high velocity side 


we get 


The energy equation of a streamline is 
gy eq 


p* 
ut — y*? 
ap + 
29 


For infinitely close-lying points it is with dw = w — w* 


w? — w*? 


nd d 
g 


Comparing Equations [3] and [5], we get 


w 
R dn 


for backward-curved vanes. For forward-curved vanes we get 


w dw 
+ + 2w = 0 
For the purpose of our approximate solution we make the as- 
sumption that the radius of curvature of the streamlines is ap- 
proximately constant for each line orthogonal to the flow lines. 
The radius of curvature may vary from vane inlet to exit. This 
assumption means 


= 


For the center section, Equation [7] is a good approximation, 
and for straight-bladed impellers it is correct. 
Then Equation [6] becomes 


For n = 0 the minimum velocity at the channel‘wall is desig- 
nated as w’ and the solution for Equation [8] becomes 
w= (w’ — ® + QWR............. [9] 


Developing the exponential function into a series and omitting 
third and higher powers of n/R we get 


Defining the meah velocity as 


Q w 


= 


a and b are the channel width and height, respectively. 


Substitution of Equation [10] in [11] and some transformation 
give us the following for the extreme local velocities at thee channel 
wall: 
Minimum velocity for n = 0 
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1 
—a( 


For straight blades R = © these equations become 


= 


For forward-curved blades we get similarly 


a 
3R 
The flow through the impeller can be divided into two parts, 
the “through flow” associated with w,, and the “displacement 
flow” associated with w. With w,, = 0 we get in Equations [12] 
and [13] the values for the displac bo flow alone. 


Biave Exir 
It is known that the relative flow through a centrifugal im- 
peller can be expressed by a relative flow function as a sum 
t+ 
where 
y= flow function for through flow 


= flow function for displacement 
= flow function for circulation flow 
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The flow functions y¥2 and ¥; must be of such a nature that the 
infinite velocity at the inlet edge caused by the through flow is 
neutralized. Stodola (1) has shown that the solutions of the 
flow function y2 and ¥; can be found by the membrane analogy or 
by torsional stress analogy. In the literature (4, 5) are published 
solutions for the stress analogy for a large number of simple 
shapes. 

To determine the shape of the blade-exit channel, we assume 
that the end effects extend a distance t./2 = (D,/2z)x from the 
end of the blade inward. This distance is taken along the mean 
flow line. A line orthogonal to the flow lines is the separation 
line between the center section and the blade exit. The velocity 
distribution up to the separation line is known according to 
Equations [12] and [13]. We have now to determine the varia- 
tion of the velocities from the separation line to the blade exit, 
where the velocity on both sides of the blade must be uniform and 
equal to the through-flow velocity. 

The shape of the blade exit thus determined is usually very 

‘simple so that the variation of velocity can be taken directly 
from the stress analogy for such shapes as sector of a circle, 
triangle, and many others. For more complex shapes, an ap- 
proximate solution can be found according to the energy method 
of the torsional problem as proposed by Ritz and Trefftz (4). 
With this method the velocity distribution can be found for any 
polygon-shaped channel] exit. 

For an exit channel of nearly rectangular shape, the results of 
the stress analogy (5) show a velocity variation approximately 
according to a parabola from a known value at the separation line 
of the center section to zero at the blade exit. 


BiabDE INLET 


The blade inlet can be treated like the blade exit. Therefore 
it becomes necessary to determine the shape of the blade-inlet 
channel. In this case we assume that inlet effects extend to a 
distance t; = D,x/z from the blade inlet inward. This distance 
is taken along the mean flow line. A potential line orthogonal 
to the flow lines is the separation line between the center.section 
and the blade inlet. The velocity distribution at the separation 
line is known according to Equations [12] and [13]. In this case 
we have to determine the velocity distribution from the stagna- 
tion point of the blade at the inlet to the known values at the 
separation line with the center section. 

The blade-inlet velocity distribution can be determined ac- 
cording to the method of Betz (6, 7), and Ackeret (8) for the 
axial inducer-type impeller. 

It is thus possible by starting with the calculation of the ve- 
locity distribution in the center section, according to Equations 
[12] and [13], to find the velocity distribution in the entire blade 

_ channel. 


TuHREE-DIMENSIONAL FLow 

For three-dimensional flow the blade height is not constant 
and usually decreases from impeller inlet to impeller outlet. 
Frequently the flow turns in the vicinity of the impeller inlet from 
axial to radial direction. This means that the mean velocity 
w,, changes as a function of the blade height and must be deter- 
mined. 

At first we determine the absolute velocity c,,; for the hypothetical 
case of the fluid flowing through a stationary impeller of identical 
shape. We designate the radius of curvature with p, and taking 
n again from the low-velocity side of the flow, i.e., the convex 
side in this case, we get from considerations similar to Equations 
[2] to [6] 
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A graphical solution for the velocity distribution according to 
Equation [14] can be found according to the method of Flugel 
(1). 

Another method which permits direct calculation of the velocity 
distribution is possible if the impeller contours can be approxi- 
mated by two hyperbolas following the equation 


(15) 


Then, the velocity calculated according to the basic equation 
from Durand (9) is x 


Cm V (22)? +r? [26] 
According to either method, the absolute velocity ¢,, is deter- 
mined for the mean streamline as well as for the inner and outer 
contours of the impeller, c,,; and ¢,,,, respectively. 


The relative velocity is 


sin 8 
where 8 is the local blade angle at the location of c,,. Equation 


[17] assumes that the mean relative velocity follows the blade 
contour, and this assumption is justified for the center section 
or rotating channel of the impeller. For impellers within the 
specified solidity range, Equation [17] gives also a good approxi- 
mation for inlet and exit of the blade channel. 

For impellers with large inducers, Equation [17] must be re- 
placed for the blade-inlet condition by more accurate equations 
following the theory of axial machines (3). 

Thus w,,; and w,,, can be determined for the inner and outer 
contour of the impeller and these velocities exist at the mean 
streamline between two blades. 

Equation [17] cannot be used when large secondary flows occur, 
such as those caused by blade stalling or the impeller operating 
under considerably larger or smaller flow than design point. 


COMPRESSIBILITY AND FRICTION 


The effect of compressibility is taken into consideration by 
calculating the area of the impeller-flow channel for an arbitrary 
number of stations along the mean flow line. The velocity w,,* 
is calculated from the total flow on the basis of the known area 
and an estimated compressibility. * is recalculated 
according to correct compressibility. The enthalpy increase from 
the conditions at the inlet to the compressor to an arbitrary sta- 
tion inside the impeller is * 


Later w,, 


H* Hy = = 
29 29 29 


Co® 


.. [18] 


The first two terms in Equation [18] define the enthalpy in- 
crease in the impeller, and the last term defines the inlet depres- 
sion caused by the acceleration of flow from the known condi- 
tions to the impeller inlet. ; 

Part of this total enthalpy increase is transformed into pressure 
and the other part into heat. The amount of enthalpy trans- 
formed into pressure is defined as - 

[19] 


k 
AH an = 1. (H* — Ho) = —— k 
k—1 Po / ap 


where 7, is the impeller channel efficiency, which is a function of 
the channel Reynolds number, turbulence, friction coefficient, and 
boundary-layer condition; », must be assumed on the basis of 
experience. 
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Equation [19] permits the calculation of the pressure rise 
(p*/po)ap- The temperature increase is 


H* — Ho 


and the volume change becomes a 


‘The correct volumes and velocities can be calculated according 
“ Equations [18] to [21], ‘and the original estimate of the com- 
pressibility is replaced by the accurate value of Equation [21]. 
Thus the correct values of the velocity w,, in Equations [12] 
and [13] are calculated. Then the following velocities are 
calculated, at first on the basis of incompressible flow, w,,,; 
Wmo Along the inner and outer contour of the impeller and the 
local velocities w’, w” 


w,', w,", w,’, and w,”, according to 
tions [12] and [13]. If any of the foregoing velocities vary 
greatly from its corresponding value of w,,, the compressibility 
correction is calculated in the same manner. 

This analysis permits calculation of the impeller-velocity dis- 
tribution and gives a complete map of the velocity values for the 
three-dimensional compressible flow through the impeller. 

The velocity distribution shall be represented as a function of 
the blade length and, for dimensionless representation, the values 
shall be divided by tip speed and impeller-tip radius, respectively. 


Accuracy OF ApPpROXIMATE SOLUTION 


For the theoretical case of two-dimensional flow through 
radial-flow impellers, we can compare the results of the approxi- 
mate solution with a flow analysis which has been calculated 
according to the relaxation method by Professor Emmons (10) 
for two types of impellers. In this report the velocity distribu- 
tion is determined separately for the through flow and the dis- 
placement flow. The two types of impellers, which have been 
analyzed, are a straight radial-vane, 6, = 90 deg, 22-blade unit, 
and a backward-curved 6; = 30 deg logarithmic spiral-blade 
unit. Both impellers have a radius ratio r,;/rz = 0.333, constant 
blade width b, and a solidity of ¢ = 3.84. 

Fig. 2 compares the velocity distributions of the displacement 
flow for the straight radial-vane unit. The solid line shows the 
velocity distribution according to the relaxation method of 
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Professor Emmons, and the dash line according to the approxi- 
mate solution of Equations [12] and [13] withw, = 0. A com- 
parison on the basis of the displacement flow will show any dis- 
crepancies more clearly because total flow consists of the sum of 
displacement flow and through flow. Fig. 3 shows the velocity 
distribution for the displacement flow for the backward-curved 
unit, again with the solid line and dash line.indicating the values 
of the relaxation method and the approximate solution, fespec- 
tively. The two results indicate very good agreement for almost 
the entire blade passage and justify the use of the approximate 
solution, 

We can also calculate the effect of finite blade number on the 
relative exit velocity. For the range of solidity under considera- 
tion this effect may be ascribed to the displacement flow only, 
and the influence of the circulation flow may be neglected (3). 
The calculation is identical with the stress or membrane-analogy 
methods discussed before, except that we calculate this time 
the velocity distribution along the impeller-exit diameter. This 
velocity distribution is again’ taken from the stress analogy. 
From the velocity distribution we calculate the mean value of 
this circumferential velocity Awy. This is the desired velocity 
correction for the finite number of blades. For nearly rec- 
tangular exit shapes, the velocity distribution is, as before, ap- 
proximately a parabola, and the maximum velocities are propor- 
tionate to the width and height of the shape. The maximum 
velocity on the sides of the exit shape exists at the separation line 
between the center section and exit section and is known from 
the values of Equations [12] and [13] with w,, = 0. 

The velocity Aw, has been calculated for the twocases mentioned . 
previously. The values are compared with the values for Aw, 
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alculated according to the theories of Stodola, Busemann, and 
Emmons. Table 1 shows the results. 

For the backward-curved impeller the ‘theories of Busemann 
and Emmons agree with the results of this calculation, and, for 
’ the radial-vaned impeller, the results of this calculation agree 
with the theory of Busemann, but the value is somewhat above 


that of Emmons. 


PRACTICAL APPLICATIONS 


The application of the analysis will be shown for two cases. 
The first case relates to a compressor A which had a very narrow 
range of operation and pulsation outside this range of operation. 
An analysis of this impeller was suggested in order to find whether 
the range of operation could be improved. Fig. 4 shows the 
velocity distribution for this impeller. The vertical lines indicate 
the separation between the inlet, the center and exit section of the 
flow channel. The mean velocity w,, shows a decrease from inlet 
to exit of the impeller but does not permit any conclusion regard- 
ing the stability range of the unit. Backflow or pulsation of an 
impeller will start if the local velocity on the forward side of the 
blade becomes zero, and, in this impeller, the local velocity distri- 
bution indicates narrow range of operation. In this case the ve- 
locity difference w,, — w’ is a function of the angular velocity 
w and channel width a only, according to Equation [12], with 
R = o, and does not change with w,, in the critical region of 
lowest values of w’ on the forward side of the blade. Therefore 
- a reduction in total flow of 13 per cent reduces the mean velocity in 
the same proportion and results in a value of mean velocity 
equal to w,, — w’ in the critical region; - thus making the value 
of local velocity w’ on the forward side zero. Backflow will occur 
if the flow is reduced 13 per cent. 

Another item of importance is the amount of dec eleration on 
either side of the blade per unit length. Too large an amount of 
deceleration causes high pressure gradients and stalling of the 
blades. While the velocity-distribution diagram permits pre- 
dicting pulsation caused by backflow, the stalling of the blades 
cannot be analyzed quantitatively from the diagram, because 
stalling is affected by boundary-layer thickness, turbulence, and 
‘blade finish. However, on the basis of comparison of similar ve- 
locity distributions, experience can be gained indicating which 
velocity distributions tend to avoid stalling. The large decelera- 
tions on both pressure and velocity side of the blade of impeller 
A indicate a danger of stalling and thick boundary layers even 
under normal operation. 

The second case relates to a compressor which was designed by 
use of the foregoing velocity-distribution method. The speci- 
fications called for a pressure ratio of 3 at 40,000 ft altitude, a 
wide range of stability, and a certain maximum flow capacity. 
Since this unit was tested under sea-level conditions, the speci- 
fications were recalculated for sea-level conditions as follows: 


Flow, Q = 4850 cfm - Q max = 5280 cfm 
Pressure ratio, p = 2.54 


Speed, n = 19,600 rpm = 0.096 


n= 


In order to get the desired range of stability, the design point 
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TABLE 1 RELATIVE VELOCITY CORRECTION 


Stodola® 
Relative velocity correction 
Radial vanes 99 a= 22 0.143 X us 
0.143 XK us 


‘ This 
Busemann?> Emmons method 
Awu Awe Awe 
0.105 X us 0.086 X us 0.108 X ws 
0.137 X us 0.136 X us 0.137 X us 


WwW 
a 
WwW 
200 


BLADE INLET 
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BLADE LENGTH (l) IN INCHES 


Fic. 4 Unpestraste Vetociry Distrisution ImpeL_ter A 
(Ds = 13.25 in., us = 700 fps, ne = 0.110.) 


Fic. 5 Impe titer B, 14 SHort Vanes, 14 Vanes 


was chosen 8 per cent below the point of maximum capacity. 
Fig. 5 shows this compressor. This impeller has 14 full vanes 
and 14 short vanes. Fig. 6 shows the velocity diagram with 
regard to the mean relative velocity for this impeller. The 
various regions of the flow channel are separated by vertical lines. 
The mean relative velocity shows decreasing values from inlet 
to exit, as well as a continuous change in decrease to the smaller 


600 
z 
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/ 
J \h 
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decelerations at the discharge end. The local velocites indicate 
the same characteristics on the high-pressure side of the blade, 
giving the largest decelerations at the blade entrance of the full 
and half-vanes, respectively. The low-pressure site of the blade 
shows little change in velocity, except at the discharge end of 
the blade and at the entrance into the half-vanes. The lowest 
value of local velocity occurs in a region where R = @; there- 
fore, according to Equation [12], the velocity difference (w,, — 
w’) is a function of the angular velocity w and channel width a 
only. Thus, reducing the through flow 33 per cent results in a 
value of mean velocity equal to w,, w’ in the critical region, 
l = 0.70, and the value of the local velocity w’ becomes zero. 
This means that backflow has progressed to the center of the 
. blade channel and pulsation will occur. The beginning of pulsa- 
tion can be analyzed by calculating the velocity distribution for 
*the inner and outer contours of the impeller. From the curve, 
-Fig. 6, it can be seen that this impeller would pulsate without the 
half-vane at its design flow and that half-vanes permit the ex- 
tension of the operating range by reducing, the value of local ve- 
locities. 

Fig. 7 shows the velocity distribution of the impeller for the 
inner contour with the mean value w,,; and for the outer contour, 
mean value w,,.. All velocities have been calculated by taking 
into consideration an approximate value of the boundary-layer 
thickness. From the local velocity distribution a revised esti- 
mate of the stability range can be made. The lowest local ve- 
locity occurs on the forward side of the blade near the impeller 
disk. The critical value is again near the blade exit, 1 = 0.70, 
-because in this region the value of w,,,; is near its minimum value 
and R = ©, Thus (w,,; — w,’) is independent of w,,,;, according 
to Equation [12]. Therefore a reduction of 27 per cent of the 
design capacity will result in the first local velocity value of w,’ = 
0 initiating backflow. At a slightly larger reduction, 28 per 
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cent of design capacity, the local velocity w’ also becomes zero 
in the second critical region at 1 = 4.45 near the inducer exit of 
the full vanes at the impeller disk. At this flow the local velocity 
value w’ in the critical region near the impeller exit is negative 
at the impeller disk and backflow progresses toward the center 
of the flow channel. 


The local velocity w,” on the back side of the blade close to the * 


impeller shroud has the maximum value near the inducer inlet. 
This is the maximum value of velocity in the entire blade channel. 


An increase of 9 per cent above design capacity will result in the , 


first occurrence of local sound velocity at this location. This 
analysis, therefore, indicates a total operating range of about 
36 per cent. j 

Fig. 8 shows test data of the performance curve for this com- 
pressor at 1100 and 1140 fps tip speed. These performance 
curves indicate an operating range of 28 per cent from the design 
point to the beginning of pulsation, and a range of 10 per cent 
from the design point to maximum capacity, giving a total range 
of about 38 per cent at which the compressor efficiency is above 
70 per cent. 

Therefore the performance curve verifies the predicted result of 
the velocity-distribution curves. The maximum efficiency is above 
79 per cent, and it should be remembered that this unit operates 
at an unusually low specific speed. Due to the instrumentation, 
flow losses in the 90-deg inlet turn are charged to the compressor 
efficiency. The entire performance of this compressor with re- 
gard to efficiency, pressure ratio, and stability is significant in 


* that it was possible to calculate the performance of this unit and 


achieve the results shown in the curve, Fig. 8, without any modi- 
fications after tests. 
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CONCLUSIONS 


The analysis permits calculation of the impeller velocity dis- 
tribution and gives a complete map of the velocity values for the 
three-dimensional compressible flow through the impeller of a 
compressor. 

The use of the velocity-distribution curves permits the predic- 
tion of pulsation of the compressor. Pulsation occurs when the 
local velocity reaches values of zero or below. 

A qualitative analysis can be made with regard to blade stall- 
ing by comparing velocity-distribution curves for similar types 
of impellers. The criterion for stalling may be defined as the 
deceleration per unit length ( Aw)/( Al), or the pressure gradient 
per unit length ( Ap)/( Al). 

In making the qualitative analysis it must be pointed out that 
stalling is a function of boundary-layer thickness, and the bound- 
ary layer is affected by centrifugal force which acts to remove the 
boundary layer from certain locations of the blade. Hence it 
may be stated that radially ending vanes, or vanes which easily 
permit complete removal of the boundary layer due to centrifu- 
gal’ force, can have considerably larger values of the. local 
pressure gradients before stalling occurs. On the other hand, 
impellers with backward leading blades, or vane shapes which do 
not permit removal of the boundary layer by centrifugal force 
but only a relocation of the boundary layer, are much more sub- 
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ject to stalling, and frequently, in units with small blade exit 
angle, stalling occurs before pulsation (11). The analysis of the 
velocity distribution also leads to the conclusion that impellers 
of maximum efficiency should, within certain limits, have fewer 
blades, thus increasing the Reynolds number but decreasing 
stability. 

Finally, the flow in any machine is not frictionless but does fol- 
low the laws of an imperfect fluid. However, with the knowl- 
edge of the local velocity and pressure gradients, it should be 
possible to make better predictions about the behavior of the 
boundary layer and secondary flows. The knowledge of pressure 
gradients permits the application of the analysis of flow, in- 
cluding friction, as shown by J. R. Weske (12) and Goldstein 
(13), to these impellers. 

The proposed method is applicable to mixed-flow compressors 
and to radial and mixed-flow turbines as well. 
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Possibilities of the Regenerative Steam Cycle 


Temperatures Up to 1600 


- 


The regenerative-steam-cycle heat-rate gains that may 
be realized at temperatures up to 1600 F are presented in 
this paper. These gains are calculated for a theoretical 
cycle and also for a practical cycle wherein such losses as 
extraction-piping pressure drop, heater-terminal tem- 
perature differences, and the like, are considered. An 
economic evaluation of the anticipated turbine heat-rate 
differences for various throttle conditions is presented. 
This evaluation includes such factors as fuel costs, load 
characteristics, auxiJiary-power requirements, boiler effi- 
‘ciencies, and annual fixed charges. A method of com- 
paring the heat-rate gains due to higher steam tempera- 
tures with those made possible by resuperheating is pro- 
vided. ‘ 


NHE purpose of this paper is to present the results of a study 

of the theoretical and practical possibilities of the regenera- 

~ tive steam cycle at throttle temperatures up to 1600 F. It 

lso presents an economic evaluation of these gains which indicates 

the amount of capital investment which could be justified 

for the installation of high-temperature power-generating equip- 
ment. 

As the cost of fuel increases, it becomes more important to 
evaluate the savings which might be effected by increasing the 
steam temperatures in the power plant of the future. Because 
of the wide general interest in this problem, the ASME Special 
Research Committee on High Temperature Steam Generation 
requested the authors to prepare a paper covering (1) the proba- 
ble thermal gains by the use of high-temperature steam in the 
regenerative cycle, and (2) the possible fuel savings that might 
result. 

The use of steam for electric power ‘generation has been char- 
acterized by a fairly steady increase in the steam temperature. 
This has made possible steady gains in the thermal efficiency of 
steam power plants. The increase in maximum steam tempera- 
tures used in power plants constructed during the past 45 years is 
shown in Fig. 1. This curve shows that the temperature has 
increased an average of 12 F per year. Perhaps more impor- 
tant is that the temperatures increased in steps as new high- 
temperature materials became available. During the past 20 
years, temperatures have increased faster than the average rate of 
12 F per year. 

1 Thermodynamic Engineer, Turbine Divisions, General Electric 
Company, Schenectady, N. Y. Mem. ASME. 

? Engineer, Mechanical Engineering Division, Engineering Depart- 
ment, The Detroit Edison Company, Detroit, Mich. Jun. ASME. 

* The data on steam in all calculations are from ‘“Thermodynamic 
Properties of Steam,"”’ by J. H. Keenan and F. G. Keyes, John Wiley 
& Sons, Inc., New York, N. Y., 1936. 

Contributed by the Research Committee on High Temperature 
Steam Generation, Joint ASTM-ASME Committee on Effect of 
Temperature on the Properties of Metals, and Power and Heat 
Transfer Divisions and presented at the Annual Meeting, New York, 
N. Y., November 27—December 2, 1949, of Tue American Society 
or MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those - 
of the Society. Paper No. 49—A-33. . 
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Selvey and Knowlton‘ published theoretical regenerative- 
steam-cycle heat rates for temperatures up to 1200 F and pres- 
sures up to 3200 psia. To facilitate a comparison over a wide 
range of pressure-temperature conditions, these data have been 
extended herein to 1600 F over the higher range of pressures, 
using the same theoretical cycle. As stated in the Selvey and 
Knowlton paper, the heat rates are for a regenerative steam cycle 
of the following component parts: 


1 A turbine, having no mechanical losses, through which 
steam is expanded at constant entropy (engine efficiency is 100 
per cent). 

2 A regenerative feedwater system having an infinite number 
of bled-steam heaters heating to the saturation temperature, 
corresponding to the throttle steam pressure, and with zero ter- 
minal difference between the saturation temperature of the bled 
steam and the temperature of the feedwater leaving the heater, 
even when superheat is present in bled steam, and an attendant 
feed pump of 100 per cent efficiency with each heater to step up 
the feedwater pressure to the level of the next higher heater. 

3 An electric generator of 100 per cent efficiency, which sup- 
plies, without line loss, the boiler feed pumps. 

4 Asteam generator of 100 per cent efficiency, in which blow- 
down, soot-blowing losses, etc., are zero. 


Since energy required to drive fans, fuel equipment, general 
services, and so forth, is considered zero in a theoretical cycle, 
auxiliary-power usage other than that required for the boiler 
feed pumps, as described in item (2), is not included. 

The theoretical heat rates are given in Table 1 and are pre- 
sented in curve form in Fig. 2. This information shows that there 
is a steady improvement in the theoretical cycle economy with 
higher steam temperatures, but that the rate of improvement is 
diminishing as the temperatures are increased. Fig. 3 presents 
the theoretical heat-rate gains on a percentage basis with the 1250 
psia-950 F throttle condition as a base. These curves provide a 
means of comparing theoretical and practical heat rates. The 
latter are discussed in the following section. 

4 “Theoretical Regenerative-Steam-Cycle Heat Rates,”’ by A. M. 


Selvey and P. H. Knowlton, Trans. ASME, vol. 66, 1944, pp. 489- 
500; discussion, pp. 501-512. 
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TABLE1 THEORETICAL REGENERATIVE STEAM-CYCLE HEAT 
RATES IN BTU PER KWHR 
(1 In. Hg abs Exhaust Pressure) 
Throttle 
pressure, Throttle temperature ——— 
psia 900 F 950F 1000F 1100F 1200F 1400 F * 1600 F 
. 1000 7095 - 7993 6896 6802 6599 6412 
1250 6912 68674 6821 6729 6637 6457 6285 
1450 6792 6707 6620 6529 6358 6197 
2000 6542 - 6464 6384 6307 6156 6016 
2500 6378 6306 6232 6161 £020 . 5892 
3000 6246 6176 6109 6042 5912 5788 


® Base condition assumed in Fig. 3. 
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Practical PossisiLities AT HIGHER TEMPERATURES 


Fig. 4 shows comparative per cent change in regenerative-cycle 
heat rates which are considered practical from the design and 
operating standpoint. These*heat-rate changes, computed for 
the same high-temperature and pressure range as was selected 
for the theoretical heat-rate calculations, include the effects of 
such losses as extraction-piping pressure drop, heater-terminal 
temperature differences; etc. From a specified heat rate for a 
particular turbine generator, the heat rate for any other condition 
may be calculated with the data included in Fig. 4. 

As in Fig. 3, the base steam conditions chosen are 1250 psia, 
950 F. The per cent change in heat rate from this base condition 
to any other condition may therefore be read directly. If it is 
desired to obtain correctly the difference in heat rate between any 
other two sets of steam conditions in terms of the heat rate at 
one of these conditions, the difference, as read from Fig. 4, must 
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be corrected for the change in base. For example, if we wish to 
get the difference between heat rates at 1450 psia, 1250 F and at 
1450 psia, 1000 F, in terms of the heat rate at 1450 psia, 1000 
F, this difference is 


79-24 55 _ 
= 0.976 -O per cen 
(100) 


Practical Cycle Assumptions. In making: the calculations to 
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3- STEAM PRESS. 860] 1250 ]'450 | 2000 | 2500 | 3000 
4- BFP. DISCH. PRESS. 1000} 145011700] 2300 | 2900 | 3450 
5- ENTHALPY RISE 
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CALCULATIONS 


arrive at the values plotted in Fig. 4, the following assumptions 
have been,made: 


1 The cycle arrangement and associated apparatus have been 


assumed to be as shown in Fig. 5 which presents the same _arrange- 
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ment as was used by Harris and White.’ The present calcula- _ 


tions have been extended to higher temperatures and pressures 
than those assumed by Harris and White and are based’ upon 
somewhat lower boiler feedwater. temperatures. Power re- 
quired to drive the boiler feed pump has been deducted from 
the generator terminal output. . 

2 As was done in the Harris and White paper, turbine and 
generator efficiencies have been assumed to correspond to those 
obtained in present-day turbine generators. The turbine-gen- 
erator efficiency assumptions correspond to those made by Warren 
and Knowlton.* This implies that at temperatures above pres- 
ent-day levels, new features of turbine design, or new materials, 
or both, must be developed if the general level of efficiency ob- 
tained in the past is to be maintained. 

3 The exhaust loss from the turbine has been assumed to be 
a constant fraction of the turbine power output for all steam 
conditions. 

4 It is assumed that the turbine-generator output is about 
100,000 kw. This must be borne in mind particularly when 
comparing the heat rates at various initial pressures, since tur- 
bines of smaller capacities than 100,000 kw probably would show 
poorer relative performance at the higher pressures. 

Steam Flows. Throttle and condenser steam rates, based on 
the practical cycle assumptions, have been computed to indicate 
the relative size of the generating equipment. The throttle and 


ized-coal-fired boilers were assumed in computing fan and mill 
| . 
* power requirement. 
©4100 
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it is desirable to evaluate the anticipated difference in heat rates. 
Because the practical heat rates represent results which at present 
appear possible at the higher steam conditions, these anticipated 
heat rates were used in this evaluation rather than the theoretical 
heat rates. 

Basic Factors. The basic factors included in this evaluation 
are the cost of fuel, load characteristics, auxiliary-power require- 
ments, boiler efficiency, turbine heat rates, and annual fixed 
charges on plant investment. Table 2 presents the results of an 
evaluation of heat-rate differences wherein a base condition of 
1250 psia, 950 F has been used for comparing all of the other 
conditions. The figures shown in Table 2 represent the additional 
investment in dollars over the cost of 100,000 kw of 1250 psia 
950 F capacity that is justified by the differences in heat rates. 
In computing the data it was assumed that plant availability 
and operating and maintenance personnel would be the same in 
all cases. No attempt was made to allow for possible differences 
in the extent of maintenance required. 

Cost of Fuel. A 10-cent to 35-cent per million Btu fuel-cost 
range has been covered in the evaluation. 

Load Characteristics. An annual plant-factor variation from 50 
to 80 per cent has been included in the tabulation. The annual’ 
plant factor is the ratio of the kilowatthours generated on the 
machine in a year to the product of the kilowatt nameplate rating 
times 8760. 

Auziliary-Power Requirements. The following types of pulver- 


(a) For throttle pressures up to and including 2000 psia; 
natural-circulation boilers. 

(b) For 2500 psia throttle pressure; steamotive-cycle boilers 
with recirculating pumps which handle 130 per cent of steam 


condenser steam rates are presented in Figs. 6 and 7, respectively. 
These are shown on the basis of the generator-terminal output, 
whereas the heat-rate change curves, Fig. 4, show the net change 
after deduction of boiler-feed-pump power from the generator- 


flow. 
(c) For 3000 psia throttle pressure; 
circulation-cycle boilers. 


once-through foreed- 


terminal output. 7. 4 All wance for miscellaneous auxiliary-power demands were in 
. cluded in all cases. : 

Heat-Rate-DirFERENCE EVALUATION a Boiler Efficiency. A boiler manufacturer indicated that even 


with feedwater temperatures approaching 600 F on these high- 
pressure high-temperature boilers, the exit-gas temperature could 
be held to about 300 F. Assuming pulverized-coal boilers oper- 
ating with an average grade of coal, it was estimated that boiler 
efficiencies would vary from 87.7 to 88.8 per cent, depending upon 
the feedwater temperature. 7* 


In considering the merits of one steam condition over another, 


5 “Developments in Resuperheating in Steam Power Plants,”’ by 
E. E. Harris and A. O. White, Trans. ASME, vol. 71, 1949, pp. 685. 
® “Relative Engine Efficiency Realizable From Large Modern 
Steam-Turbine Generator Units,"” by G. B. Warren and P. H. 
Knowlton, Trans. ASME, vol. 63, 1941, pp. 125-135. 
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Turbine Heat Rates, Turbine heat-rate differences represented 
in Fig. 4, which are based on the practical values, were used in 
the evaluation. ; 

Annual Fixed An annual fixed-charge rate 10 per 
cent was assumed in computing the justified additional invest- 
ments. The investment figures shown in Table 2 may be ad- 
justed for other fixed-charge rates as follows: 


0.10 


Investment from Table 2 X — 


New fixed charge rate 


= adjusted investment 


Example. An example will illustrate the use of Table 2. 
Throttle conditions to be compared: 1450 psia, 1000 F 
3000 psia, 1400 F 
Assumptions: 
Coal cost 20 cents per million Btu 
Annual plant factor 60 percent 
Fixed-charge rate 10 percent 
Additional investment figures from Table 2: 


The amount that could be spent for 100 mw of 3000 psia, 
1400 F capacity over the cost of a 1450 psia, 1000 F installation 
is 

$1,503,000 — 259,000 = $1,244,000 
Hicu Steam Temperatures Versus 


It is of interest to compare the heat-rate gains resulting from 
higher steam temperatures with those made possible by resuper- 
heating. An approximate comparison may be made directly 
by comparing gains shown in Fig. 4 with various charts by Harris 
and White, and by Reynolds.?’ These two references do not 
exactly agree on the gain due to reheat, presumably because of 
differences in the assumptions made by the authors in setting up 
their calculations. 

The assumptions made by Harris and White differ from those 
made in this paper on the following*points: 


1 The boiler feed temperatures are lower in the present case 
than were assumed by Harris and White. This difference makes 
a minor change in the gain due to reheat. For the order of mag- 
nitude of the effect of this on the reheat gain, refer to Reynolds’ 
paper.® 

2 The heat-rate gains in Fig. 4 of the present paper are on 
the basis of a fixed percentage exhaust loss, whereas Harris and 
White assumed, in calculating their reheat gain, that their non- 
reheat machines had a 4.5 per cent exhaust loss and their reheat 
machine a lesser exhaust loss-obtainable from keeping the same 
exhaust-end size and the same rating for their reheat turbine. 
The assumptions made by Reynolds regarding the exhaust 
loss as between reheat and nonreheat are not stated in his paper. 


However, we are able in the present case to show the effect of 
considering either two cases: 


(a) The use of a “constant percentage exhaust loss,”’ regardless 
of throttle-steam conditions. In this case, as we proceed to higher 
throttle temperatures, the exhaust size per unit rating decreases, 
and the gains expected are as shown in Fig. 4. 

(b) The use of a “constant size of exhaust per unit rating;”’ 
regardless of throttle-steam conditions. In this case, the per- 
centage exhaust loss decreases when throttle temperature in- 
creases, and a further gain results from this, over and above the 
gains indicated in Fig. 4. The magnitude of this change in ex- 
haust loss can be calculated by the use of Fig. 8, if the exhaust 


? “Reheating in Steam Turbines,”” by R. L. Reynolds, 
ASME, vol.71, 1949, pp. 701-706. 


Tbid., Fig. 5. 
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loss at a base condition is known. For any two sets of steam 
conditions shown on Fig. 8, the ratio of exhaust-loss percentage 
is the ratio of the ordinates therein. 


An example will illustrate this point: 


Assume a base condition of 1450 psia, 1000 F, and compare 
heat-rate gains due to the following: 


.1 Reheat to 1000 F at 450-psia reheat pressure. 
2 Raising throttle temperature to 1250 F, nonreheat. 


The answer to (1) can be read from Harris and White® as 5.2 
per cent gain due to reheat, on the basis of constant exhaust size 
per unit rating. 

The answer to (2) is given here in two parts, corresponding to 
the foregoing items (a) and (5), as follows: 


(a) For constant percentage exhaust loss from Fig. 4, the gain 
at 1450 psia, 1000 F is 2.4 per cent, and at 1450 psia, 1250 F 


7.9 — 2.4 


is 7.9 percent. This gives a net gain of - ~ = 5.6 per cent. 


— 0.024 
(b) For constant size of exhaust per unit rating, the relative 
exhaust-loss factors from Fig. 8 are as follows: 


1450 psia, 1000 F 
Rev ised ayst- loss percentage from the assumed 4.5 per 


= 3.4 percent 


Additional heat-rate gain due to exhaust-loss eorvection 
4.5 — 3.4 = 1.1 per cent 
Total gain due to temperature increase 
5.6 + 1.1 = 6.7 per cent 


It will be noted that the additional gain due to a change in the 
exhaust loss with fixed exhaust size depends directly upon the 
magnitude of the exhaust loss itself. 

In comparing heat-rate gains due to higher steam temperatures 
with those made possible by resuperheating as presented by 
Harris and White, an exact evaluation should include the exhaust- 
loss correction described in item (b). 


CONCLUSION 


The curves for practical performance in Fig. 4 exhibit trends 
similar to those for the theoretical performance in Fig. 3. How- 
ever it will be seen that the practical cycle shows less improve- 


Footnote 5, Fig. 11. 
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ment with increasing pressure, and more improvement with in- 
creasing temperature, than the theoretical cycle. This relation- 
ship results from the fact that the practical turbine loses in effi- 
ciency with increasing pressure, and gains in efficiency with in- 
creasing temperature, while the theoretical turbine is assumed to 
be always 100 per cent efficient. These trends are not at all new; 
the only novel feature is the extrapolation of the trends to show 
what economies may be expected at temperatures up to 1600 F 
and pressures up to 3000 psia. It is believed that this has been 
done in a reasonable manner consistent with past practice. 

Use of steam temperatures in power plants above the present 
maxinium of 1050 F will depend on the development of suitable 
materials for the higher temperatures and on the design of ac- 
ceptable equipment, particularly boilers and turbines, at a cost 
commensurate with the thermal gains to be realized. Since the 
costs of such materials and: equipment are not presently availa- 
ble, this paper has presented only the total investment which 
could be justified on the basis of the thermal gains expected at 

higher steam conditions. 
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Discussion 


W.E. This paper indicates the thermal perform- 
ance and evaluated savings obtainable by increasing initial steam 
temperature for the regenerative steam cycle. This cycle offers 
advantages over the reheat cycle, from the standpoint of sim- 
plicity, although it, would result in more water in the exhaust 
stages. for the same heat rate. It is indicated that an initial tem- 
perature of about 1170 F with the regenerative cycle would yield 
about the same heat rate as a 1000-1000 reheat cycle with the 
same initial pressure and heater arrangement. In the arrange- 
ment of heating stages and distribution of ‘extraction heaters, the 
regenerative cycle offers more attractive thermal possibilities 
than the reheat cycle. .The question of economic justification for 
the regenerative cycle above present temperature limits must 
await practical developments in high-temperature metallurgy. 

In both the reheat and high-temperature regenerative cycles 
the improved performanee results from utilization of a larger 
proportion of high-level ‘heat than is presently employed, which 
aggravates surface-cleaning problems in the boiler plant, aside 
from metallurgical considerations. q 

In a 1000-1000 reheat cycle, the heat required to superheat 
the steam and reheat it is equivalent to a drop of about 1350 deg 
F in boiler gas temperature. To this.must be added 600 deg F 
saturation temperature, 200 deg F for temperature difference 
or heat head between gas and steam, and 150 deg F for gas strati- 
fication, resulting in temperature zones aboye 2200 F in the 
superheater hank. With the equivalent regenerative cycle a 
lower gas temperature suffices, but in both cases the required gas 
temperature is substantially above 2000 F, which is the approxi- 
* mate rejection limit for some abundant low-cost coals with low- 
fusion ash. Improvements in design and disposition of the 
superhexter surface should, in time, lessen the cleaning require- 
ments and extend the range of acceptable fuels for high-tempera- 
ture installations. Geographical location of plants and char- 
acteristics of available fuels will continue to be a major considera- 
tion in the choice of steam conditions. 


° Staff E ngineer, Consolidated Edison Company of New York, 


Ine, New York, N.Y. Mem. ASME. 
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This paper exemplifies our dependence upon the steam tables, 
and some comments on their use for the higher temperatures 
would be of interest. The upper temperature line on Mollier 
charts with the 1936 tables ends at 1200 F. Was a condition 
curve plotted for the expansions from the various initial tempera- 
ture, or was some other procedure employed? 


KE. E. Harris." This paper will be a very useful tool for the’ ust 
industry. The user will be able to compare the gains to be ex- highe 
pected as well as the amount of additional money that may be ise hi 


justified for obtaining a gain in station economy. 


materi 
This paper, together with the paper by E. E. Harris and A. O. bines. 
White, will give the user considerable information that may be than n 
used ‘for determining the future trend in the power-plant field. The 
Fig. 4 of the paper was obtained fromcalculations that were made $1,244, 
for the Harris and White paper with additional calculations for 300 
made for the higher pressures and temperatures. The added cal-. Using 
culations followed the same method as was used .in the original 2500 p 
paper, correcting for volume flow, pressure, and superheat, the either 
superheat correction taking into account the change in moisture. altern: 
It was assumed, in making the calculations and arriving at the and be 
gains to be obtained. with higher pressures and temperatures, that reheat 
materials will be available as well’as design and ability to build equiv? 
such turbine units without sacrificing efficiency or gain. unit. 
At 1450 psia, 1000 F initial conditions, reheating to 1000 F will Thi 
show a gain of approximately 5 per cent in station heat rate. reheat 
If the same gain is to be obtained by operating at a higher initial being 
-temperature without reheat, the initial temperature will be about 
1175 F. The 5 per cent gain in heat rate will justify an expendi- 
ture of $632,000 over 1450 psia, 1000 F nonreheat with a coal cost 
of 30 cents per million Btu and 60 per cent annual plant factor. De 
It is felt that a reheat station will have a lower increment cost 
than the nonreheat plant with 1175 deg to obtain the same gain. wher 
Sometime in the future, materials will be available as well as rms. 
design and know-how for building units for the higher tempera- = 
tures for nonreheat. When such information is available, re- shoul 
heating to the same initial temperature may be used with approxi- nage. 
mately the 5 per cent gain over the nonreheat plant. wth 
early 
A. E. Raynor." The authors have made an interesting and R. 
useful survey which should be helpful to those who are looking dian 
forward to the time when they may find it desirable to go to pa 
higher pressures and higher temperatures. Dollar values have er 
been established and given in Table 2, which indicate approxi- partes 
mately how much may be spent economically for the higher pres- “en 
sures and higher temperatures. Paes 
The data are presented with the bases used in establishing the offer 
dollar values, so that corrections may be made readily by anyone anil 
wishing to modify these data and correct for conditions which may 0 
differ somewhat from those arbitrarily used by the authors. Any es 
correction which the user may wish to make, such as a different " 
value for fixed charges,-annual plant factor, efc., can be made 08 
readily, the additional justified investment quickly determined, esti 
and proper design conditions established. . opr 
The authors have been wise in extending the pressures to 3000 pa 
psia and the temperatures to 1600 F, even though manufacturers - 
are’ not now equipped with materials to satisfy, particularly, the ins 
higher temperatures. It may be that we are now in a similar pe 
situation to the designers of, say, 20 years ago, when a tempera- a 
ture of 1050 F appeared to be very far in the future. However, lim 
in about 20 years, temperatures have gone from something less die 
than 800 F to 1050 F, and higher temperatures will be used by 
when satisfactory materials are available. Inasmuch as the wall _ ar 
11 General Electric Company, Schenectady, N. Y. We 
12 Executive Assistant, New York Proposition Division, The Bab- a 
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thickness of some of the present 2'/:-in. 18 Cr, 8 Ni-Cb tubes 
used in the hot end of superheaters designed for 2300 psia and 1050 
F are 0.56 in. thick, leaving but little internal area for the flow of 
steam, it is quite obvious that temperatures much higher than 
1050 F will call for metals with higher available stresses than those 
currently being used. Many engineers in the steel and allied 
industries are working on this problem, and time alone will 
tell when the better high-temperature materials will be available 
for use. When one considers the economies gained by the use of 
higher temperatures, it may be that some will find it desirable to 
use higher temperatures even at the risk of shorter life of the 
material in the hot portions of the superheater, piping, and tur- 
bines. Therefore earlier replacement of parts of the equipment 
than now contemplated may be economically justified. 

The authors indicate that, based upon certain assumptions, . 
$1,244,000 more may be spent for a 100,000-kw plant designed 
for 3000 psia, 1400 F than for a 1450 psia-1000 F installation. 
Using the same assumptions, $773,000 more may be spent for a 
2500 psia-1200 F installation than a 1450 psia-1000 F unit. In 
either case a considerable amount of money is involved. This 
alternative example is used because metals are already available 
and being used in reheat designs for 2080 psi 1050 F and 1000 F 
reheat, also 1500 psia 1000 F-1000 F reheat. The latter is about 
equivalent in cycle efficiency to the honreheat 2500 psia-1200 F 
unit. 

This presumably accounts for several companies purchasing 
reheat units during the past few years, the steam conditions 
being about as follows: 


1300 psin, 950 F and 950 F reheat 4 

1500 psia, 1000 F and 1000 F reheat ia 

2080 psia, 1050 F and 1000 F reheat a. 

Design engineers have had and will continue to have problems 

where a considerable amount of judgment is required in deter- 
mining the best pressure and temperature to satisfy the condi- 
tions of a given project. The data submitted in this paper 
should be helpful in future studies and encourage engineers and 
metallurgists to solve the material problem as rapidly as possible 
in order that higher temperature metals may be available for 
early use. 


R. L. Reynoups." In this paper the authors present the 
thermal advantages of high pressures and temperatures and point 
out the additional investment which can be justified by these re- 
ductions in fuel costs. Such a comparison with what are now 
considered .established steam conditions (1250 psia, 950 F) will 
serve as a valuable guide for analyzing the benefits to be derived 
from these increased steam pressures and temperatures. It also 
offers a challenge to designers of steam generators and turbines 
to develop equipment to meet these advanced conditions. 

Of particular interest are the curves in Fig. 4, which show the 
change in heat rates for pressures from 860 to 3000 psia and tem- 
peratures from 900,to 1600 F. We feel that the values given on 
these curves are consistent with past practice and are reasonable 
estimates of what can be expected in the future, provided devel- 
opments in design and materials keep pace with increases in 
steam pressures and temperatures. 

“At the present time the maximum operating steam tempera- 
ture on central-station turbines is 1050 F. Although operation 
at this temperature, in general, has been satisfactory, further 
successful operation should be experienced before extending this 
limit materially. In the meantime a thermal gain equivalent to 
about 175 deg F increase in throttle temperature can be realized 
by the use of the reheat cycle. 

1®Land Turbine Engineering, Central Station Turbine Section, 
Westinghouse Electric Corporation, Soutli Philadelphia, Pa. Mem. 
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The authors refer to the writer’s paper,® and point out that 
values for thermal improvement derived from the reheat cycle do 
not agree with those given by Harris and White,* due to differ- 
ences in the assumptions made. 

These differences in assumptions are as follows: 


(a) The writer’s comparisons were made upon the turbine 
alone. It was pointed out that additional advantages were ob- 
‘tained due to a reduction of from 15 to 18 per cent in boiler- 
feed-pump power, but this.factor was not included. Power re- 
quirements for condenser and boiler auxiliaries are also reduced 
by the use of the reheat cycle. 

(b) The writer’s data were based upon 1.5 in. Hg abs exhaust 
pressure, as compared with 1.0 in. Hg used by Harris and White. 
The increased exhaust pressure results in a smaller differential in 
the thermal advantages of the reheat cycle. 

(c) The writer’s values also were based upon a constant exhaust 
loss expressed in Btu per pound. It was pointed out that, if 
constant exhaust area for a given set of initial steam conditions 
were used, the 7 or 8 per cent decrease in exhaust volume would 
result in a decrease in exhaust loss and thus increase the thermal 
benefits from the reheat cycle. 


When reduced to the same basis, the values given by Harris 
and White agree quite closely with the writer’s. 

The evaluation figures tabulated in the authors’ paper have 
been based upon the assumption that equal reliability can be ob- 
tained for all sets of conditions. This may at first appear unjusti- 
fied and certainly would be if the increased temperatures were 
attempted at this time, but, when operating experiences over a 
long period of time are studied, it is evident that the reliability 
of steam turbines is now higher than ever, despite a large increase 
in steam pressures and temperatures. Although each new step 
may result temporarily in some reduction in reliability until the 
problems associated with this advance are solved, we feel that, 
if these changes are made gradually and in a fundamentally 
sound manner, no decrease in reliability will be suffered. 


L. B. Scuveter.'* The authors have performed an excellent 
service in projecting the useful data on steam-electric unit heat 
rates into the field of higher steam temperatures, even into the 
extremes where most of us will probably never see their practical 
realization. However they give us an important sense of direc- 
tion and show that there are real possibilities if we do not accept 
half-way measures in many respects. 

The problem of whether to adopt higher steam temperatures 
rapidly resolves itself into some simple but definite economic 
limitations. The extremely high cost of alloy materials suitable 
for higher temperatures is the heart of the problem. The turbine 
builders already have taken the big step in going to austenitic 
materials for the high-temperature portion of the 1050 F units. 
It should be possible to extend the application of these materials 


* up to about 1200 F for turbine construction. 


The superheater design, wherein maximum metal temperatures 
are usually about 100 deg F higher than the steam tempera- 
ture, indicates a limit of about 1000 F for the lower-cost ferritic- 
alloy materials. Higher temperatures involve correspondingly 
greater quantities of costly austenitic-alloy tubing—all based upon 
present allowable stresses as established by the ASME Boiler Con- 
struction Code. 
sumably based on reasonably long life along with a substantial 
safety factor, often represent conditions of indefinite life, say, 
more than 40 years. In these cases, and there are many of them, 
an extremely high initial investment is made in materials which 
might be difficult to justify in the light of experience. 


1@ Engineer, Mechanical Engineering Division, American Gas & 
Electric Service Corporation, New York, N.Y. Mem. ASME. 
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It is proposed that designers and users give consideration to 
the relative merits of designing superheater and reheater mate- 
rials, particularly in the extreme high-temperature zones, with 
the deliberate intent that they shall have a limiting life, probably 
somewhere between 5 and 20 years. Careful studies of this pro- 
posal appear warranted, particularly in the light of substantial 
experience along these very lines in oil-cracking-still units. If 
studies indicate possible economic merit, then it becomes neces- 
sary to establish another set of higher allowable stresses, to be 
used in such applications, by the appropriate regulatory bodies, 

On the basis of a double-stress standard, a preselected portion 
of a superheater or reheater could be built:to long or short-life 
standards, as desired, with the manufacturer and purchaser work- 
ing out the best over-all arrangement, and with the user being 
reconciled to periodic replacement of a small portion of the super- 
heater or reheater. If it were limited to superheater and reheater 
tubing materials only, and up to a limiting tube diameter, the 
safety element would be kept adequately under control. 

The ASME Special Research Committee on High Temperature 
Steam Generation is embarking on a broad program of research to 
investigate materials which are suitable for steam: temperatures 
up to 1500 F. 

It seems advisable that an analytical study of the proposed 


can be planned more effectively. This study can and shéuld be 
made jointly by manufacturers and users to arrive at the proper 
relationship of physical and economic limitations. 


Avutuors’ CLosuRE 


The authors agree with Mr. Caldwell and Mr. Harris in their 
finding that the data presented show that an increase by about 
175 F in initial temperature gives a gain in heat rate equivalent 
to that obtainable from reheat, and that at present this gain is 
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double-stress standard be made at once so that the research work ” 


0 ee, so their experience is very valuable. 
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more economically obtained from reheat than from such a con- 


* siderable increase in temperature. 


The authors are grateful to Mr. Caldwell for inquiring as to 
how the turbine calculations were made. ‘This point probably 
should have been more fully covered in the paper. The Keenan 
and Keyes Steam Table extends to 1600 F (the chart is plotted 
only to 1200 F) although very much skeletonized above 1200 F. 
It was necessary to extend the chart to 1600 F and fill in inter- 
mediate values between those given in the table by calculation. 
This was done by graphical means, using a large-scale plot of the 
constant-pressure specific heat to smoothly interpolate between 


table values. No extrapolation was necessary.. The chart thus 


extended was used for plotting ‘the turbitie expansion lines, in 
accordance with the assumptions as stated in the paper. 

Mr. Raynor’s remarks concerning tube .thicknesses presently 
required illustrate very well the necessity for stronger materials 
for very elevated temperatures. His suggestion that perhaps 
some parts should be considered as requiring more frequent re- 


* placement is interesting, but it is not clear that such considera- 


tions would result in any economic improvement. 

The authors‘are also grateful for Mr. Reynolds’ statements, 
both as to general corroboration of the findings of the present 
paper, and as to clarification of his own previous paper, reference 
7. Further, the authors are im agreement with Mr. Reynolds’ 
remarks concerning relative reliability. 

Mr. Schueler’s statements are quite to the point. The high 
cost of satisfactory materials, according to present knowledge, 
is the main reason why higher temperatures are not presently 
used. It seems to be. too early to judge effectively whether 
stresses currently allowed are overconservative. However, the 
company with which Mr. Schueler is associated has for many 
years been building power plants using high temperatures and 
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Data are presented showing the performance of plain 
journal béarings having various arrangements of oil holes 
and grooves operating in a four-bearing friction machine 
with forced-feed lubrication. Tests cover operation where 
the oil is fed through the bearing shell by means of five 
arrangements, including one, two, or four oil holes; one 
axial or one circumferential groove. Tests were also run 
with three arrangements for feeding oil from the center 
of a hollow shaft. These were one or two oil holes in 
the shaft, or one oil hole terminating in a flat on the sur- 
face of the shaft. Two clearance-diameter ratios were 
used with each arrangement. Test runs were made at 
constant speed and at a number of loads, which were uni- 
directional relative to the bearings. The data cover opera- 
tion with one oil at one oil-inlet temperature and two 
speeds. In some of the tests the loads were increased 
until unstable lubrication was reached. The test results 
include the frictional characteristics, values of ZN/P at 
transition between stable and unstable lubrication, and 
data on thermal behavior and on oil flow. A summary: 
of the general behavior of the various arrangements is 
given. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


D = journal diameter, in. 
L = bearing length, in. 
C = running clearance (difference between bearing 
diameter and journal diameter), in. 
W = total load acting on bearing, lb. 
P = W/LD = pressure on projected area of bearing, psi 
= speed of journal, rpm 
F = tangential frictional force, lb 
= F/W = coefiicient of friction 
= absolute viscosity of lubricant at atmospheric pres- 
sure and bearing temperature, centipoises (cp) 
H, = rate of heat supplied to one bearing from both enter- 
ing oil and bearing friction, in-lb per min 
AT, = temperature rise above ambient of loaded side of 
bearing shell (average of four bearings), deg F 
AT, = temperature rise above ambient of oil leaving ends of 
bearings (average of four bearings), deg F 
Q = rate of oil flow per bearing, cu in. per min 
_2ZN/P = generalized operating variable 
= oil-feed- pressure (corrected for drop between gage 
and bearings and for centrifugal force when oil is 


fed through shaft), psi wn ® 


1 National Bureau of Standards. 


Contributed by the Special Research Committee on Lubrication - 


and presented at the Spring Meeting, Washington, D. C., April 
12-14, 1950, of Tae American Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, Janu- 
ary 6, 1950.. Paper No. 50—S-9. 
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INTRODUCTION 


One of the problems in the lubrication of plain journal bearings 
is the method of admitting the oil to the bearing. The concept 
of the load-carrying film indicates the desirability of avoiding 
the use of oil holes or grooves which interfere with the normal 
development of hydrostatic pressure to support the load. In 
some bearing installations, however, it is not always possible to 
satisfy this requirement. With bearings where loads are fluc- 
tuating in both intensity and direction, it is sometimes imprac- 
ticable to apply the oil to the unloaded side throughout the com- 
plete load cycle. Also in some cases, provision must be made for 
a continuous flow of oil to some other moving part. 

The tests reported in this paper were made to determine the 
comparative performance of, journal bearings having various ar- 
rangements of holes or grooves when using forced-feed lubrica- 
tion under conditions where in each case the load was unidirec- 
tional on the bearing. The work comprised two separate series 
of tests. The first covers operation with three arrangements of 
oil holes and two types of oil grooves in the surface of the bear- 
ing. The second covers operation with three arrangements for 
feeding the oil from the center of a hollow shaft. Each of these 
arrangements is located at the axial center of the bearing. 

This investigation was part of a research program on the lubri- 
cation of plain journal bearings which was conducted at the 
National Bureau of Standards with the financial support of 
the National Advisory Committee for Aeronautics, 

APPARATUS 

Four-Bearing Friction Machine. The four-bearing friction 
machine used in this investigation has been described in a pre- 
vious publication (1).2. The complete apparatus is shown in 
Fig. 1, and the major elements of the machine disassembled 
in Fig. 2. The machine consists essentially of four similar test 
bearings enclosed in a housing and mounted on a common shaft. 
Loads are applied by hydraulic jacks which form the base of the 


* housing. The complete unit of bearings and housing acts 


as a cradle dynamometer. The frictional torque is measured by 
a dynamometer scale acting through a torque arm fitted to the 
housing. An automatic device is provided in the hydraulic sys- 
tem to release the load under the high-torque conditions occurring 
near bearing seizure. 

In the first series of tests, oil was fed to each bearing through 
conventional pipe and tubing, using flexible connections to the 
bearing housing. In the second series, the oil was fed to the end 
of the hollow shaft through a rotating joint. The lubricating 
system was provided with a vane pump having a variable-speed 
drive and a relief valve. Runs could be made at constant oil- 
feed pressure or at a constant rate of oil flow. The oil-feed line 
also was fitted with a filter consisting of two layers of sheet 
cellulose, electric heaters for controlling the oil-inlet tempera- 
ture, and a flowmeter used chiefly for control purposes. Deter- 
minations of oil flow also were made by weighing the amount of 
oil that flowed for a given time interval from the housing outlet 
into a measuring vessel. 


2? Numbers in parentheses refer to the Bibliography at the end of 


the paper. 
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Operating temperatures were measured with copper-constantan _ nected in parallel, were spaced around the shaft, in the oil streams 
thermocouples. One was fastened to the loaded side of each of at the end of each bearing. 
the four bearings, and four thermocouples of equal resistance con- Shafts and Bearings. One solid test shaft was used in all of the 
: first series of tests. It was made of SAE 3115 steel, carburized, 
and heat-treated to a hardness of 55 Rockwell C. The three 
hollow test shafts, 7/s4 in. inside bore, used in the second series of 
_ tests, were made of SAE 4615 steel, carburized, and heat-treated 
* .to hardnesses ranging from 58 to 61 Rockwell C.* The surface 
roughness of each shaft was measured at 90-deg intervals at each 
of the four journal positions. ; 

The averages of the observations for each shaft ranged from 4 
to 5 microinches (rms profilometer). The journal diameters were 
measured 90 deg apart at each of the four journals on each shaft. 
The observations of diameters were accurate to 0.00005 in. at 
68 F. 

The shaft used in the first series of tests had no holes or grooves. 
In the second series, the shaft used with bearing sets S31, and 

"S51 (see Fig. 3), had one radial oil hole at the mia-point of each 
bearing. The holes were 0.125 in. in diam and were chamfered 
to a diameter of approximately 0.180 in. at the shaft surface. 

* The one used with bearing sets S32 and $52 was similar, except 
that two holes 180 deg apart were used for each bearing. The 
shaft for bearing sets 533 and 853 was similar to the shaft with 
one hole per bearing, except that instead of a chamfer, a flat, 
5/, in. long (axially) and */,, in. wide (depth about 0.004 in.), 
was located symmetrically at the end of each hole. The edges 
ot the chamfers and flats were’stoned and polished to remove 
sharp edges. 


The test bearings were solid steel sleeves with copper-lead 

linings conforming to Pratt and Whitney Aircraft specification 

121. They were pressed in the bearing retainers, rough-bored in 

Fic. 2. Frierton-Macuine Parts a lathe, pushed in the.self-aligning ball-bearing swivels, and then 
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TABLE 1 ESSENTIAL DIMENSIONS OF SHAFTS AND BEARINGS 


Sets 33 & 53, axial groove, 0.10" width, 0.04" depth 
Sets 35 & 55, circumferential groove, 0.150" width, 0.075" depth 


All holes 0.125" diameter, chamfered to 0.18" diameter at edge 


© 
22 | Sel ge 
& 133 35) 35 83 
© a wo « se 
| 4 3 <3 
| 1 hole 31 | 10276 | 200579 | 200648 | 0.0031 | 663 | 00620 
in 
bearing 51 | 16275 | 200599 | 200548 | SeCOf1 | 403 | 00620 
2 holes 32 | 1e?75 | 200579 | 200548 | NeCO31l | 663 | Oe€20 
in 
beering 52 | 1e275 | 200509 | 209546 | 0c0C51 | 403 | 02620 
Axial 33 | 10275 | 200679 | 2096548 | | 663 | 00620 
. groove in 
bearing 53 | 1¢275 | 200699 | 200648 | 0000651 | 403 | 00620 
4 holes 34 | 10275 | 200579 | 200648 | 06003] | 663 | 00620 
in 
bearing 54 | 10275 | 200599 | 200648 | O0e0052 | 403 | 00620 
Circum 35 | 200579 260548 | | 663 547¢ 
groove in 
| bearing 56 | 200599 | 200548 | 000051 | 403 | 005479 
1 hole $31 12275 200580 200549 | 020031 663 | 06620 
in 
shaft S51 | 1¢275 | 200600 | 200549 | 000051 | 403 | 00620 
2 holes S32 | 1e275 | 200579 | 200548 | Oc0031 | 663 | 0.620 
in 
shaft S52 | 1¢275 | 200899 | 200548 | 000051 | 408 | 0e620 
1 hole S35 | 1¢275 | 200577 200546 | Oc0031 | 663 | 06620 
with flet 
in shaft | S53 | le?75 | 200597 | 209546 | 000051 | 403 | 0620 
*Allowance is mde for circumferential grooves 
' 
' 
---7---4 
Allholes 
Sets 3) & Si, oi! hole at O° 
Sets 32 & 52, oil holes at 120° & 300° 
Sets 34.54) ol! holes at 45°, 135°, 225°, 3I5* 


Fie. 3 ARRANGEMENTS OF Hoves anp Grooves In BEARINGS 


finished to size with a special type of bearing reamer having a 
single cutting edge. With each bearing, determinations of four 
diameters 45 deg apart were made at each of three axial posi- 
tions, one at the center, and one near each end. Bearings having 
circumferential grooves were measured on each side of the groove 
as well as at the ends. These measurements were accurate to 
0.0001 in. at 68 F. 

Bearings with one, two, or four oil holes, or with one cireum- 
ferential or one axial groove were used in the first series of tests. 
Sketches showing the details of these arrangements are given in 
Fig. 3. With any of these arrangements each hole or groove was 
connected with the source of oil supply. In the second series of 
tests, the bearings had plain cylindrical surfaces. Two sets of 
bearings of different clearance were run for each type of oil feed. 

The essential dimensions of the shafts and bearings are given 

= 


LUBRICANT | 


4 
mn... 
The oil used in these tests was an SAE 20 motor oil having an 


absolute viscosity of 70.8 centipoises at 100 F and 8.12 centi- 
poises at 210 F. 


Friction DaTa 


Tests at High ZN/P. With each set of bearings, tests first were 
made in the region of stable lubrication at the higher values of 
ZN/P (see nomenclature) in order to obtain characteristic data 
with a minimum of change in bearing surface. Each test run 
was made at a constant speed with a number of constant loads 
which were successively increased at intervals during each run. 
The apparatus was “warmed up” before the start of each test 
run and the data were obtained with the bearings in a steady 
state of temperature distribution. 

Friction data obtained in these tests are given in Figs. 4, 5, 
6, 7, 8, 9, 10 and 11 for the eight oil-feed systems. These re- 
sults cover operation at an oil-inlet temperature of 200 F, two 
speeds, 2030 and 3040 rpm, and a range‘of loads from approxi- 
mately 300 to 3000 psi on the projected area. In these figures 
f, the coefficient of friction, is plotted against the operating varia- 
ble ZN/P. The values of Z used are based on temperature ob- 
servations obtained with the thermocouples on the loaded side of 
each bearing shell. 

With the bearings having a circumferential groove, the effective 
area of the loaded side of the bearing is reduced, and in plotting 
the data shown in Fig. 8, the values of P used were based on the 
effective area (total area minus area of groove). The slopes of 
the curves would be somewhat less if P were based on the total 
projected area of the bearing as was the case with the curves for 

7 _ the other designs of bearings. 


(2) for the respective D/C ratios used are also shown in the 
figures. The experimental data for a given bearing can be repre- 
sented by.a straight line roughly of the same general slope but 
— toward greater values of f than is given by the Petroff 


- F Lines representing the Petroff equation for concentric running 


sented approximately by the equation f = k(ZN/P) (D/C) + 
e where Af was an L/D correction and represents the difference 
(approximately) between the experimental data and the Petroff 


line for a given D/C ratio. This general trend of the data is 
‘dele to that obtained in an earlier investigation (3) where it 
was shown that the friction of a journal bearing could be repre- 


equation. 
For purposes of comparison, values of Af at ZN/P = 10 and 
ZN/P = 70 for each set of bearings tested are given in Table 2. 

- The table also lists the average value of Af (over the range of 
ZN/P from 10 to 70) for each set, and the average value for each 
type of bearing (two D/C ratios). The latter values are used as 
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t, Coetficient of friction 
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° 40 50 60 
ZN/P 
Fic. 4 Friction tN Reoton ror 2-In. X 1'/¢In. C orvan- Fic. 5 Friction Region ror 2-In. X 1!/¢In. Coppen- Fie. 10 
Beartnos Havine Ong Hove Bearine Leap Bearinos Havine Two O1 Howes 1n BearinG 
(Operating at 2030 rpm with 15 cu in. per min oil flow, and 3040 rpm with Operati t 2030 ith 15 r min oil fi d 3040 (Operati 
(22.5 5 cu‘in. per min oil flow; SAE 20 oil at 200 F oil-inlet temperature.) on with 


22.5 cu in. per min oil flow; SAE 20 oil at 200 F oii-inlet temperature.) 
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10 20° 30 40 50. 60 70 80 


Fic. 6 Friction 1n Stasie Recion For 2-IN. X Copper- Fic.7 Friction Recion ror 2-In. X Coprer- 
Leap Bearincs HavinG AN AXIAL GROOVE IN BEARING Leap Beartnes Havine Four Hoes BEARING 


Syeatins at 2030 rpm with 15 cu. in. per min oil flow, and 3040 rpm with (Operating at 2030 rpm with 15 cu in. per min oil flow, and 3040 rpm with 
cu in. per min oil flow; SAE 20 oil at 200 F oil-inlet temperature.) 22.5 cu in. per min oil flow; SAE 20 oil at 200 F oil-inlet temperature.) 


1, Coefficient of friction 


f, Coefficient of friction 


60 70 ° 10 20 30 40 . ‘50 60 70 
zN/P ‘ 
Fic. 8 Friction 1n Stasie Recon ror 2-In. X 1!/¢In. Copper- Fic. 9 Friction STaBLeE REGION For 2-IN. X 1'/-In. Copprer- 
Leap Bearines Havine a CIRCUMFERENTIAL GROOVE IN BEARING Leap Beartnes Wits One Hote tn SHart 
(Operating at 2030 rpm with 15 cu in. per min oil flow, and 3040 rpm with (Operating at 2030 and a rpm, 15 cu in. per min oil flow, SAE 20 oil at 
22.5 cu in. per min oil flow; SAE 20 oil at 200°F oil-inlet temperature.) 00 F oil-inlet temperature.) 


j 
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Coefficient of friction 


Fie. 10 Friction 1n Stasie Reaion For 2-In. X 1'/¢In. 
Leap Bearinos WitH Two O11 Howes 1n 


(Operating at 2030 and 3040 rpm, 15 cu in. per min oi] flow, SAE 20 oil at 
200 F oil-inlet temperature.) 


a basis for rating the different types of bearings from the stand- 
point of.friction. Since the differences between some types are 
within the probable experimental error, the ratings are given in 
three general groups: Group A, bearings of relatively low frice 
tion; B, intermediate; and C, high. 

One of the most marked effects shown by the data given in this 
table is the relatively high friction obtained with the bearings 
having a circumferential groove, where the bearing is divided into 

’ two narrow bearing surfaces. This confirms the results obtained 
by Clayton (4). It also is in agreement with previously pub- 
lished data obtained at the National Bureau of Standards (3), 
which indicate that for L/D ratios less than unity, a de- 
crease. in L/D increases the friction. The data for this type 
of bearing were based on the effective area rather than the total 
area. If the latter is considered, the average value of Af for this 
t ype of bearing would become 0.00217 instead of 0.00240 as given 
_in Table 2. 
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TABLE 2 FRICTION RATINGS OF BEARINGS 


{, Costficent of tricton 


= 
° 10 20 30 40 50 60 70 


Fic. 11 Friction Stasie Recron ror 2-In. X 1!/¢In. Coprer- 
Leap Bearines One Hove Wits Frat in 


(Operating at 2030 and 3040 rpm, 15 eu in. per min oil flow, SAE 20 oil at 
200 F oil-inlet temperature.) 


The data for the bearings having two oil holes and four oil 
holes, of which one and two holes, respectively, were on the loaded 
side of the bearing, showed a slightly higher friction than for the 
sets having one hole or one axial groove, where the loaded side was 
undisturbed. 

It is of interest that with the sets where the oil was fed through 
the shaft, there was only a relatively small increase in friction, 
although, during part of a revolution of the shaft, an oil hole 
was passing through the loaded portion of the bearing. This 
small increase is especially interesting with sets S33 and S53 where 


_ there was a relatively large flat on the shaft. 


Tests at Low ZN/P. After the tests at high ZN /P, the range 
of operation with each set of bearings was extended to cover 
the lower values of ZN /P at and below the point of minimum f. 
In each test the speed and rate of oil flow were held constant and 
the load was increased in steps until unstable lubrication was 
reached. 


Design Average Average 

of oi} Bearing | ZN/P=1) | 24/P*70 | Af for 4f for Friction 

feed set ae art , each set | each design reting 

1 hole 31 Oe90101 | 0090149 | 02001 25 
ia ° 0200130 A 

bearing 61 0000106 | 0690164 | 0690135 


0200128 


32 


0200115 


0200187 


0090159 


0200158 


0090136 


33 0290101 


0200191 


0090145 


0200149 


0200122 


0.90125 


02901 25 


0090116 


0090155 


090186 


0290145 
0000145 B 
0200141 


0000186 


0200149 


0200340 


| 0000284 


265 
0200240 c 
0090217 


0099109 


029107 


0290166 


029162 


02901 38 


2 holes $32 Qe00112 | 0290169 | 0.00140 
do 0090145 B 
shaft $52 | 0290181 | 0690146 


0290137 


in shaft 00901 26 


0290153 
0000166 


0090145 


0090146 


0290146 
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One of the chief difficulties in obtaining representative data in 
the unstable region of lubrication is that the frictional character- 
istics of the bearings are affected by the roughness, geometry, 
and metallurgical features of the bearing surfaces, and, under 
operation, these frequently do not remain constant very long. 
Ususlly a bearing first tends to improve from the so-called run- 
ning-in action (5), but when operation is continued under rela- 
tively high loads, speeds, and temperatures, the performance 
frequently is impaired and sometimes tc a considerable degree. 
Accordingly, in running these tests, precautions were taken to 
minimize such effects by holding the bearings at a given load and 
speed for a relatively short time (2 min). 

Friction data obtained in the first and fourth test runs when 
operating at 2030 rpm and with 15 cu in. per min oil flow with 
each of the eight designs of bearings are given in Figs. 12, 13, 

‘14, 15, 16, 17, 18, and 19, where f is plotted against ZN/P. In 
Fig. 16 (as was the case in Fig. 8), the values of ZN /P used in 
plotting the data are based upon the effective area of the bearings. 

In Figs. 12 to 19, inclusive, the differences between the curves 
for the first and fourth runs provide an indication of the change 

in bearing performance with running-in for a given set of bear- 
‘ings. 

In these tests the bearings were operated at a given load for a 
period of 2 min (as was previously mentioned), and observations 
of the frictional torque were made at 1-min intervals. The values 
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of f given in the figures are based upon the second observation 


where conditions were more nearly in a steady state. One ex- 
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Operating at 2030 rpm, 15 cu in, per min oil flow, SAE 20 oil at 200 F oil- 
inlet temperature.) 


»ption to this is at the highest load in a given run where the 

iction rose rapidly and the automatic load release usually acted 

ithin 30 sec. When operation was in the region of stable lubri- 

ition, the second torque reading was either equal to or lower 
than the first, depending upon the particular rates of heating 
and cooling and the time required to reach a steady state. 

As the loads were increased, the bearings eventually reached 
the unstable operating condition where the friction increased 
with an increase in temperature. In some of these tests this 
transition from stable to unstable conditions is fairly well de- 
fined by the friction curves, because the frictional torque rose 
rapidly and usually in a very short time reached a value high 
enough to trip the load release. In others, however, the change 
in the friction curve was more gradual, and the transition is more 
definitely indicated by the condition where the second torque 
reading is higher than the first. In Figs. 12 through 19, the ap- 
proximate locations of these points of transition between stable 
and unstable lubrication obtained during the first test run with 
the bearings having a D/C ratio of 663 are indicated by the letter 
a and for the fourth run by A. Corresponding points obtained 
with the bearings having a D/C ratio of 403 are indicated by the 
letters b and B. 

The critical values of ZN /P at which these transition points 
occur for the first and fourth runs with each set of bearings are 
given in Table 3. Also listed are the average values obtained 
with each type. Since the first run with each set of bearings may 
be significantly affected by the condition of the original surface 
finish, the values for the fourth run are used as a basis for rating 
the different types. These ratings provide an indication of the 
relative load-carrying capacity of the bearings when operating 
_under the given conditions. They are indicated by letters rather 
than the numerical values, since (as was the case with the fric- 
tion data at high ZN /P) the differences between some types are 
within the probable experimental error. 

From the data given in Table 3 it will be noted that the values 
of ZN/P when unstable lubrication was reached were, in general, 
lower with the bedrings having no holes or grooves on the loaded 
side (sets 31, 51, 33, and 53). In this connection, however, it is 
of interest that while the values obtained with the sets having one 
or two holes in the shaft were somewhat higher, they were suffi- 
ciently low to receive an A rating. Under the conditions of 
operation in these tests, the passage of an oil hole through the 
loaded portion of the bearing had relatively small effect on the 
points of transition between stable and unstable lubrication. 

7 With the sets having a flat on the shaft, the reduction in area 
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was sufficient to cause a marked increase in the value of the 
critical ZN/P, and these sets have the lowest load-carrying ca- 
pacity rating. : 

Because of the interference to the formation of a load-carrying 
film with the bearings having two holes, four holes, or a circum- 
ferential groove, the operation was impaired sufficiently to re- 
sult in intermediate ratings. If the total area is considered for 
the bearings with a circumferential groove, the average critical 
value of ZN /P would increase from 2.8 to 3.1 and would change 
the rating from B to C. 

The small difference between the bearings with the axial 
groove and with one oil hole indicates that the groove may be 
somewhat more effective in the distribution of the oil for main- 
taining the load-carrying film. 


THERMAL BEHAVIOR 


Data pertaining to the thermal behavior of these bearings were 
obtained in the tests at high ZN /P values under a steady state of 
temperature distribution. In the analysis of these data, con- 
sideration is given to the total heat supplied to the bearing. 
Since the oil-inlet temperature was higher than the ambient 
temperature, the temperature rise of the bearings was not only 
dependent upon the heat generated by shearing the oil in the 
bearings but also upon the heat delivered by the oil entering . 
the bearings. ‘ 
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TABLE 3 LOAD-CARRYING CAPACITY RATINGS OF BEARINGS ° 


First Run Pourth Run 
Average Average 
Critical critical Critical critical Loed= a 
Design zu/P zn/P carrying 
of oil Bearing for each for each for each for each capaci ty 
feed set set design set design. rating 
1 hole 31 3e2 le7 
in 302 106 A 
bearing 61 3el 1.5 
2holes | 32 305 "206 
in 306 207 B * 
bearing 62 308 208 
Axial 33 3e3 165 
groove in 209 . led A 
bearing 53 205 le2 
4 holes 34 500 3e4 
in 401 Se4 c 
bearing 54 309 303 . 
Cireum 35 402 204 
groove in 402 208 5 
bearing 55 402 302 
Lhole | 202 18 
in 206 128 a 
shaft $51 108 
2 holes S32 207 20d if 
208 
shaft $52 320 128 
1 hole $33 Te2 
with flat 5e4 D 
in shaft | S53 5-2 


The thermal data obtained with the two sets of bearings of 
different C/D ratios having a circumferential groove (sets 35, and 
55) are given in Fig. 20. In this figure, H,, the total rate of heat 
supply to one bearing from both the entering oil and bearing fric- 
tion (expressed in in-lb per min) is plotted against the tempera- 
ture rise above the ambient. The solid points indicate the rise 
in temperature above the ambient of the oil leaving the bearings 
( AT), a° determined by thermocouples located in the oil streams 
at the ends of each bearing, while the open points represent the 
temperature rise of the bearings ( A7’,) as determined by thermo- 
couples placed in the loaded sides of the bearing shells. Since 
these tests were made at a steady state of temperature distribu- 
‘tion, the data are also indicative of the rate of heat dissipation. 
Analysis of the data in this figure-indicates that the relation 
between the rate of total heat supplied to the bearings and the 
temperature rise above the-ambient is dependent chiefly upon 
factors affecting the rate of heat dissipation’ by the oil, namely, 
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rate of oil flow, specific heat of the oil, and temperature rise of 
the oil. This method of analysis has been outlined in detail in a 
previous publication (6), which also describes a method for de- 
termining from the data the rate of heat dissipation through the 
apparatus itself by radiation, conduction, and convection. , 

The lines drawn in Fig. 20 represent the H, versus A7’y rela- 
tionship for the indicated constant rates of oil flow (Q expressed 
as cu in. per min). The line Q = 0 represents the heat losses 
through the apparatus itself, and is used as a base for computing 
the lines representing the H, versus A7'y for the different values of 
Q. These are obtained by computations involving the product 
of the rate of oil flow indicated, the temperature rise, and the 
average specific heat of the oil over the given temperature range. 
From the figure it will be noted that these computed lines are in 
reasonable agreement with all the experimental data based upon 
values of the average temperature above the ambient of the oil 
leaving the bearings. 

In Figs. 21 and 22, H, versus AZ’) data are given for all six- 
teen sets of bearings when operating at 2030 rpm and a rate of oil 
flow of 15 cu in. per min. Fromi these figures it will be noted 
that the data for all the bearings, having various arrangements of 
holes, or grooves, show the same general trend and fall reasona- 
bly well on the computed lines. This indicates that under the 
conditions covered, the heat-dissipation characteristics of the 
bearings were dependent chiefly upon the rate of oil flow through 
the bearings and were practically independent of clearance or the - 
type of hole or groove used. , : 

Or 

Measurements of the rate of oil flow at various oil-feed pres- 
sures were made also with each set of bearings when operating at 
a given load and speed. The flow-pressure data obtained with 
the bearings having a D/C ratio of 663, when operating at a load 
of 3008 lb per bearing (P = 1148 psi) and a speed of 2030 rpm, are 
given in Fig. 23, where Q, the rate of flow per bearing in cubic 
inches per minute is plotted against p the corrected oil-feed pres- 
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(Opérating at 2030 rpm, 


sure in pounds per square inch. Similar data for the bearings, 
_ having a D/C ratio of 403, are given in Fig. 24. 

It should be pointed out that the data in these figures. were ab- 

tained at constant load and speed but because of temperature 
-changes caused by differences in friction and oil flow they were 
not obtained at constant viscosity. 

The flow characteristics shown by these curves are dependent 
upon the particular operating conditions, hence the relative 
values are not necessarily applicable to other conditions. They 
are also dependent upon the particular dimensions of the holes 
and grooves used and changes in these dimensions may affect the 
relative values materially. 

The most marked characteristics shewn by these oil-flow data 
are the relatively high rates of flow obtained with the bearings 
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having the axial or circumferential oil grooves and the generally 
low rates obtained with the sets where the oil was fed through 
the shaft. 

Since the rate of -heat dissipation of the bearings depended 
chiefly upon the rate of oil flowing through the bearings, these 
flow data provide an indication of the relative heat-dissipation 
characteristics of the bearings tested under the operating condi- 


tions covered. 
@ 
CONCLUSION 


The influence of the various arrangements of oil holes and 
grooves on the behavior of bearings is as follows: 


One Oil Hole in Bearing. With this arrangement, the ab- 
sence of holes or grooves on the loaded side of the bearing pro- 
vides for normal development of pressure in the oil film. Conse- 
quently, the bearing has relatively low friction and low ZN /P at 
transition between stable and unstable lubrication. While the 
single hole does not provide the highest oil flow, it would seem to 
be sufficient to provide adequate heat dissipation for most con- 
ditions. 

Two-Oil-Hole Arrangement in Bearing. The single hole on the 
loaded side with this arrangement apparently disturbs the normal 
development of pressure in the film to make a measurable in- 
crease in friction and in ZN /P at the transition point. The par- 
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tic ides location of the oil hole on the unloaded side is adverse from 
the standpoint of oil flow, hence the rate of heat dissipation is 
somewhat lower than the arrangement with one hole in the 
bearing. 

Azial Groove in Bearing. This arrangement apparently pro- 
vides a slightly better distribution of oil for the development of 
the load-carrying film than the arrangement with one-hole in the 
bearing. Consequently, the bearing has low friction and lowest 
critical ZN/P, and the high oil flow provided is advantageous 
where forced cooling is necessary. 

Four-Hole Arrangement in Bearing. This arrangement has two 
holes on the loaded side which disturbs the development of pres- 
sure in the film to a greater extent than the arrangement with 
two holes in the bearing, and its critical ZN /P is higher, but the 
friction is comparable. The two holes on the unloaded side are 
not in advantageous positions, and its oil flow and rate of heat 
dissipation is comparable to the arrangement with one hole in the 
bearing. 

Circumferential Groove in Bearing. The groove dividing the 
bearing into two narrower parts increases the friction and causes 
‘a relatively high critical ZN/P. The high friction is counteracted 
by high oil flow and rate of heat dissipation. . 

@ne Oil Hole in Shaft. The passage of one oil hole across the 
loaded portion of the oil film has relatively small effect on both 
friction and critical ZN/P, which are only slightly higher than 
for the arrangement with one hole in the bearing. When the 
hole is exposed to some portions of the loaded area, the oil feed 
is practically shut off and consequently this arrangement re- 
sults in the lowest oil flow and rate of heat dissipation. 

Two Oil Holes in Shaft. With two oil holes for each journal, 
the disturbance to film-pressure development occurs twice in a 
revolution, resulting in slightly higher friction and critical 
ZN/P than with the arrangement with one hole in the shaft. 
The two holes also provide a greater oil flow and rate of heat 
dissipation. In this respect it is comparable to the arrangement 
with two holes in the bearing. 

One Oil Hole With Flat in Shaft. The flat at the end of the oil- 
hole causes considerable disturbance to the development of pres- 
sure in the oil film, increases the friction, and markedly increases 
the critical value of ZN /P. Its oil flow and rate of heat dissipa- 
tion are higher than the arrangement With one hole in the shaft 
without the flat but not sufficient to counteract the effect of its 
high ZN /P at transition from stable to unstable lubrication. 

The results of these tests apply directly to unidirectionally 
loaded bearings for the particular range of conditions covered. 
The indicated differences between the various arrangements are 
not necessarily strictly indicative of more complex conditions 
where the load varies in both intensity and direction with respect 
to the bearings. It is believed, however, that the relative values 
obtained may be useful! qualitatively in estimating the over-all 
effects of various Arrangements of holes or grooves under more 
complex loading conditions, especially if proper consideration is 
given to conditions present throughout the complete load cycle. 
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Discussion 


° 
M. D. Hersey.* Can the authors compare their results 
any point-with the work of Clayton and others, and ampli 
their application to engine bearings? 


AuTuors’ CLOSURE 


With reference to Mr. Hersey’s question, he cane case of the bear- 
ings with 360-degree circumferential groove provides the closest 
approach to a direct comparison between our results and those of 
Clayton (4). 


for bearing h being 800 and for set 35 being 663. In Table 1 in 
his paper Clayton reports a value of the coefficient of friction of 
0.0026 for bearing h when operating at a speed of 3000 rpm, a 
load of 1500 psi, and with the viscosity of the oil at. 10.0 centi- 
poises. Under these conditions the value of ZN/P is 20. The 
value of f for ZN/P = 20 for set 35 is about 0.00275. This is 
shown in Fig. 8 of our paper. An approximate correction to this 
value (based on the Petroff equation) to correspond to a.D/C ratio 
of 800 would raise the value to about 0.00288. This would indi- 
cate that the value we obtained was about 10 per cent higher than 
that obtained by Clayton. In this connection, however, it 
should be pointed out that the NPL friction machine. used by 
Clayton measures the bearing friction, whereas the NBS four- 
bearing friction machine measures the journal friction (see Norton’s 
“Lubrication,” 1942, p. 23). 
cases would seem to indicate that along a line perpendicular to the 
load the center of the journal was displaced from the center of 
the bearing about 0.00028 in., and, if it is assumed that the film 
thickness at the point of closest approach is somewhat smaller 
than the 0.0002 in. estimated by Clayton for bearing a (bottom 
hole), the angle between the line- of the load and the point of 
closest approach would be of the order of 14 degrees. Since both 
of these values appear to’ be reasonable, it is believed that the 
friction data for the two bearings check rather closely. 

Somewhat greater differences in f are shown when comparing 
Clayton’s bearing a (one oil hole in unloaded side) with our set 31. 
However, this can be accounted for by the difference in L/D, 
which was 0.875 for bearing a and 0.620 for set 3!. 

Comparison of the data on oil flow is more difficult because of 
the complex relations between the factors involved. Rough 
corrections for differences in clearance, length, viscosity, and oil- 
feed pressure indicate that values from the two laboratories for 
similar types of bearings are of the same order of magnitude, but 
no attempt was made to evaluate the effects of differences in such 
factors as oil-inlet temperature, load, speed, or eccentricity. 


*U. S. Naval Engineering Experiment Station, Annapolis. Md. 


Clayton’s bearing h and our bearing set 35 are— 
. Similar in diameter and length but differ in D/C ratio, that value 


This difference in f in the two 
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This investigation completes a solution, undertaken 
by K. G. Karlson in his little-known Swedish paper of 
1926, for the oil-film thickness between gear teeth. Karl- 
son’s problem is characterized by the use of a parabolic 
curve for the viscosity-pressure relation. The numerical 
results here obtained are comparable with those pre- 
viously published by Gatcombe, who used a more con- 
ventional viscosity-pressure formula. It is hoped that 
the present analysis will help to clarify the assumptions 
and calculations required in the hydrodynamic theory of 
gear-tooth lubrication. As an aid to its practical applica- 
tion, the relative film thicknesses found for geometrically 
similar pairs of gears are here shown by a chart construc- 
ted in terms of the appropriate dimensionless variables, 
and extending from zero to 10 microinches per in. of pitch 
diameter of the pinion. The limiting case of a lubricant 
whose viscosity is unaffected by pressure, for which an 
analytical solution had been given by Karlson, is repre- 
sented by a straight line on this chart. 


INTRODUCTION 


T would be useful in studies of gear-tooth lubrication, par- 
ticularly when efforts are being made to increase the load ca- 
pacity of gear teeth, to be able to estimate, even roughly, the 

probable or possible thickness of the oil film between two con- 
tacting teeth under hydrodynamic conditions. 

Three principal investigations toward this end have already 
been published, those of Engineering in 1916 (1),* of Karlson in 
1926 (2), and of Gatcombe in 1945 (3). The article in Engineer- 
ing, though unsigned, is generally recognized as the pioneer 
investigation in our field. It does not, however, take into ac- 
count the effect of high pressure on viscosity. The study by 
Karlson is based upon a- parabolic equation for the viscosity, Z, 
of the lubricant as a function of the gage pressure p, namely 


-\2 
k 


where Z; is the viscosity at atmospheric pressure and k is a con- 
stant of the lubricating oil. Gatcombe’s study is based upon a 
widely used exponential formula 


(2) 


where 6 is an empirical constant analogous to k. 


1 Mechanical Engineer, U. S. Naval Engineering Experiment 
Station, Annapolis, Md. Fellow ASME. 

*School of Mathematics, University 
ville, Va.; -Mathematics Aide, U. 
Station, summer of 1949. 

4 Numbers in parentheses refer to Bibliography at end of paper. 

Contributed by the Research Committee on Lubrication and pre- 
sented at the Spring Meeting, Washington, D.C., April 12-14, 1950, 
of Tue AMERICAN SocteTy oF MECHANICAL ENGINEERS. 

Norte: 
understood as individual expressions of their authors, and not those 
of the Navy Department, the Naval Service at large, or the Society. 
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Film Thickness Between Gear Teeth 
Graphical Solution of Karlson’ s 
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Statements and opinions advanced in this paper are to be 


Karlson’s investigation was left unfinished, his integral for 
the load capacity of the film not being evaluated. Gatcombe’s 
study was carried through and applied to a series of numerical 
examples. These numerical results were generalized by Her- 
sey and Hopkins (4), in the form of a chart for the relative film 
thickness in geometrically similar gears. However, Blok (5) 
has questioned the accuracy of Gatecombe’s mathematical ap- 
proximations leading to the results utilized by Hersey and Hop- 
kins. Accordingly, the present authors found it necessary to 
make a fresh approach to the subject, and therefore undertook 
a graphical solution of Karlson’s problem, 

F and 
* The physical assumptions which are customary in the theory 
of lubrication, and others pertinent to the gear-tooth problem, 
notably the following, have been made: 


mes 


Basic ASSUMPTIONS 


1 The lubricant is incompressible and without inertia; it 
has the same physical properties at every point and in every 
direction; it adheres to the solid surfaces and follows Newton’s 
law of viscous flow. 

2 The gear teeth are rigid and geometrically perfect, and 
therefore free from any appreciable effects of deformation, 
misalignment, manufacturing errors, surface roughness, or wear. 

3 The gears are running at constant speeds without dynamic 
loading or appreciable vibration. 

4 The temperature is uniform throughout the film at any 
moment, though it may vary greatly with operating conditions. 
5 The mechanical action of the film has reached a practically 
steady state at every phase of contact, or angular position of the 
tooth; the approach process being so nearly completed that the 
minimum film thickness in every such position may be treated 
as a constant with respect to time. 

These various assumptions define the scope of our investiga- 


tion and limit it severely compared to what might ideally be de- 
sired (6, 7). 


It is hoped, however, that the present analysis may 
be useful in the absence of more exact knowledge, and that it 
may be followed by discussions which will greatly clarify the 
background of gear-tooth lubrication theory, thus facilitating the 
work that lies ahead, 


INTEGRATION FOR Loap Capacity 


The normal tooth load F,,, which is the resultant force per unit 
of face width exerted by one tooth upon another at right angles 
to the tooth surface through the medium of the oil film, is given 
by 


(3) 
where p denotes the fluid pressure at any distance z measured in 
the direction of motion from the point of nearest. approach. , 


Karlson’s expression for the pressure distribution, derived 
from the usual hydrodynamic assumptions together with Equa- 
tion [1] may be written 
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_ Here T is the tangent of Gatcombe’s angle S, and may be defined 
by 7 
—r 


V/2 rhe 


where ho denotes the film thickness at the point of nearest ap- 
proach; and r denotes the effective cqntact radius, defined by 


[5] 


and gear tooth, respectively. The dimensionless number H in 

Equation [4] is defined by 

UV 
= he? 


where U denotes the mean tangential velocity (U; + U,.)/2 of 

the contacting surfaces, U, referring to the pinion and U; to the 

gear. It happens that H is equal to !/1 the ratio of Gatcombe’s 

constant G to Karlson’s constant k,-both of which have the ci- 

mensions of pressure. 

From Equation [4] it will be noted that p = 0 when 7’ = 0, and, 

therefore, when x = 0. Thus the film pressure is assumed to 
“ vanish at the point of nearest approach. This assumption is 
known as Sommerfeld’s condition, in contrast with Reynolds’ 
condition under which both the film pressure and the pressure 
gradient vanish together at some point in the divergent portion 
of the film, appreciably removed from the point of nearest ap- 
proach in the direction of motion. While the present authors 
subscribe to Reynolds’, condition, they have tolerated the other 
for simplicity in completing Karlson’s integration. A trial-cal- 
culation indicates the difference in load capacity under the 
two assumptions to be of the order of 15 per cent, more or less, 
Reynolds’ condition leading to the greater load capacity :* hence 
our solution will be on the safe side. Both schools of thought 
’ concur for practical purposes in disregarding the region of 
negative pressure; hence the integration of Equation [3] 
need be carried out only on one side of the point of nearest 
approach. 

‘ Substituting from Equations [4] and [5] into [3] gives for the 
normal load per unit width “3 


: Equation [8] in conjunction with Equation [9] expresses the es- 
sential relation sought for, connecting load capacity with the 

' minimum film thickness ho. Although these equations should be 
credited to Karlson, they have been confirmed by an independent 
derivation. ; 

To evaluate the factor J/H occurring in Equation [8], we have 
found it sufficient to plot the integrand of Equation [9] as a func- 
tion of 7 for five suitably spaced values of H and to measure 

: the area under each curve. It may be shown analytically that 
J/H = 2 when H = 0, and that for perfectly rigid teeth, the 
maximum pressure p» is infinite when H = 0.770. Thus by dif- 
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in which 7; and r, are the radii of curvature of the pinion tooth © 
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ferentiating Equation [4], the-maximum pressure is found to oc- 
cur‘when 7 equals 1/ V3. Itis then given by 


which becomes infinite when H = 4 /3/9, or approximately 0.77. 
The values of //H so obtained are recorded in Table 1, and plot- 
ted against H in Fig. 1. 


TABLE 1 RESULTS 


H 


Note: H and J are dimensionless; see Equations [7] and [9]. 


24 


J/H 


Fic. 1 or VaLvues Founp sy GRAPHICAL INTEGRATION 


To convert F, values into the component F of tooth load per 
unit width acting tangentially to the pitch circle, which will be 
needed for computing the torque on the drive shaft, a factor Co, 
depending on the gear geometry, must be introduced, such that 


where 
Co = ko L, cos [12] 


Ilere ko is the ratio of the average supporting action of the film 
at all tooth positions to its value F, for the pitch-point phase; 
L, is the average number of. pairs of teeth meshing simultane- 


ously, which governs the effective length of contact; and @ the. 


pressure angle. Gatcombe in the reference cited gave values 
for these constants applicable to a gear and pinion having a 
5:1 reduction ratio with 24 teeth in the pinion, and to a rack 
and pinion described in the Engineering article (1) with 54 
teeth in the pinion. The values of Co ranged from about 1.26 to 
1.50. 


CALCULATION OF FiLM THICKNESS 


Eliminating F, between Equations [8] and *{11], we obtain 
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for the relative film thickness, D being the pinion diameter at the 
pitch circle 


, | 


To find the correct value of J/H for use in Equation [13], we 
may solve Equation [7] for ho and substitute the expression so ob- 
tained into Equation [13], after which the resulting equation 
may be solved for J/H, giving 


where 
C, = V2r (42) [16] 


C; D k 


. Thus for any value of C2, representing the data of a given prob- 


lem, we may plot the graph of Equation [15] in Fig. 1, or such 
portion as may be required to locate the intersection point. 


* The ordinate of this point is the desired value of J/H. 


It is more convenient in practice to express F in terms of P, 
the load per unit of projected area, this area being arbitrarily 
chosen as the product of the face width into the pifch diameter of 
the pinion. Thus 


F=PD..... 4 


’ Similarly, it is more convenient to express U in terms of the 


pinion speed, or number of revolutions per unit time N. At the 
pitch point U = U,; = U2, where U; and.U; are the tangential 
velocities of the tooth surfaces of pinion and gear, respectively. 
The effects of variations from pitch-point contact are included 
in the factor Cy as shown briefly by Gatcombe (3), although a 
more complete exposition would be reassuring. If now a and 
denote, respectively, the angular velocity of the pinion tooth and 
its radius of curvature at the pitch point, it follows from the 
reference cited that U is equal tow 7;. But «; equals 27N, there- 
fore 


and 


20] 


CONSTANTS OF THE LUBRICATING OIL 


Evaluating Z,, the viscosity at atmospheric pressure, offers no 
difficulty aside from determining the mean effective equivalent 
film temperature, which has been assumed uniform—an im- 
portant problem outside the scope of this paper. Evaluating 
Karlson’s constant k requires an experimental knowledge of the 
viscosity-pressure curve for the lubricating oil at the tempera- 
ture in question. 

When the logarithm of the relative viscosity Z/Z, is plotted 


peratures, 
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against the gage pressure p at constant temperature, the graphs 
for most lubricating oils are by no means straight lines. They 
are commonly convex upward and can only be fitted by straight: 
lines for a short interval near the origin, after which they bend 
over conspicuously. Karlson’s equation takes account of this 
fact. From Equation [1] it will be seen that the logarithm of 
Z/Z, equals twice the logarithm of (p + k)/k and approaches 
direct proportionality to the logarithm of p/k as the pressure 
approaches infinity. However, the graph of Karlson’s equation 
falls somewhat below the true curve for the usual lubricating 
oil, just as the graph of Equation [2] falls too high, assuming that 
all three graphs have the same slope at the origin. This dif- 
ficulty can be corrected to a first approximation by assigning a 
suitable value to the constant k, such that the graph will start 
out too steep, intersect the true curve near the middle of its pres- 
sure range, and drop below it at the high-pressure end, averaging 
about right. 

Let b denote the pressure coefficient of viscosity at atmospheric 
pressure, elsewhere frequently denoted by b. The pressure coef- 
ficient is the relative or fractional increase in viscosity per unit 
increase of pressure. Its value at atmospheric pressure is equal 
to the initial slope of the curve obtained when the natural loga- 
rithm of the viscosity is plotted against the pressure; and it may 
be taken equal to 2.30 times this slope when the common ioga- 
rithm is plotted. Upon differentiating Equation [1], it will be 
seen that b is equal to 2/k, from which 


Now let by denote the observed value of the initial pressure coef- 
ficient while b is the adjusted, or raised value, corresponding to 
the desired effective value of k. The adjustment ratio b/bo 
will evidently be greater, the greater the range of pressure over 
which a fit is required. A perfect fit at the origin would be ob- 
tained when b/bo equals unity. The corresponding value of k 
for use in Equation [1] is given by 


2/b 


Values of the adjustment ratio b/bo for two representative 
lubricating oils are plotted in Fig. 2 as a function of p,, the 
maximum film pressure expected. These values were found by a 
trial fitting of Karlson’s formula to the curves for petroleum 
oil 42 at 77 and 212 F, and castor oil at 167 F, given by Hersey 
and Hopkins in their paper of 1945 (4), Fig. 4. This fitting 
should be extended to a wider variety of oils and to higher tem- 
[22] has been plotted in Fig. 3. 


-quation 


NUMERICAL EXAMPLES 


In Tables 2 and 3 are given the results obtained by Equations 
[13], [15], [19], and [20], and associated procedure, for the five 
problems which had been solved in Gatcombe’s paper (3). It is 
surprising what close agreement is found, considering (a) that the 
accuracy of his integration has been questioned, (6) that the vis- 
cosit y-pressure relations used in his paper are based on a straight- 
line logarithmic equation, and (c) that our own adjustments for 
evaluating the viscosity constants are far from precise. 

The symbols appearing in the tables have all been defined 
previously except for the abbreviations of units, most of which 
are familiar. The abbreviation m following the viscosity Z; 
refers to the millionth part of the pound-second per square inch, 
a convenient unit coming into more frequent use, equal to ap- 
proximately 6.9 centipoises. This abbreviation is again em- 
ployed in tabulating the values of Z,N/P, which are 60 x 10 
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times as great as the values required for use in theoretical equa- 
tions like [19] and [20]. : 

In Table 3 the first two columns of ho/D values are, respec- 
tively, those computed by Professor Gatcombe in the paper 


cited, and by the present authors, as explained in footnotes a and’ 


_ bof the table. The third column contains the limiting values for 
the imaginary case of zero-pressure coefficient, computed from 
Equation [13] with J/H set equal to 2.0, which is the value 
corresponding to H = 0 or k = infinity in Equation |7]. The 
value 9.1 microinches per in. in problem No. 5 is recorded for 
comparison with the value 8.9 reported by Engineering. Finally, 
in the last column of Table 3 the influence of pressure on viscos- 

_ ity is plainly shown by tabulating the ratio of the film thickness, 

- calculated for a given pressure coefficient, to that calculated for a 

zero coefficient this ratio varying from approximately 1 to 10. 
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Ffum-THICKNEss CHARTS 


‘Under the basic assumptions stated,- dimensional analysis 
shows that the relative thickness Jo/D for geometrically similar 
pairs of gears can be plotted against the operating variable 
Z,N/P and represented completely by a single family of curves, 
each identified by a constant value of one dimensionless parame- 
ter, provided the viscosity-pressure curve can be represented 
by an empirical equation containing only one constant besidés Z;. 
Both Equations [1] and [2] satisfy this condition. When Equa- 
tion [2] is chosen, and 6 replaced by its equivalent bo/2.3, the re- 
quired parameter turns out to be boP. Such a chart was given by 
Hersey and Hopkins in Fig. 2 of their paper (4), the notation bP 
then being used, and its value recorded as a perccntage. 

A chart of the same general type is now given in Fig. 4 using 


’ the parameter k/P based on Equation [2]. The value of k re- 
quired in the application of this chart is that providing the best 


TABLE 2 DATA FOR PROBLEMS 


(Abbreviation m denotes, millionths of a ib-sec/sq in. 


Temp 105bo 
d i m psi~! 


a 


TABLE 3 SOLUTION OF PROBLEMS 


& .? (Mi/in. denotes microinches per inch of pinion pitch diameter; m denotes millionths of a lb-sec/sq in.) 


Problem k Z:\N/P 
no. b/boe- psi k/P ™m rpm/psi 


1.80 5530 

2.13 4660 
2.12 9890 

1.28 17100 

1.17 10500 


4 From E. K. Gatcombe's paper (3). 
6 By calculations of present paper. 
¢ For viscosity unaffected by pressure. 


ho/D ho/D ho/D Pressure 
mi/in.* mi/in.} mi/in.¢ effect 
8.1 
6 6.8 
0. 0. 
3 3. 
0. 


4 Ratio of ho/D for the given pressure coefficiert to that for zero coefficient. 
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Fic.4 TuHickness GEOMETRICALLY SIMILAR GEARS 


fit of Karlson’s formula to the experimental viscosity-pressure 
curve. Figs. 2 and 3 have been offered as a tentative guide in 
evaluating & until more systematic information can be made 
available. 

The three curves labeled k/P = 50, 100, and 200, were com- 


‘puted from Equations [13], [15], [19], and [20], and Fig. 1, 


without the aid of Figs. 2 and 3. These latter diagrams are 
called for only in the application, not in the construction of Fig. 4. 
The straight graph, identified by k/P = infinity, was constructed 
from Equation [13] in the special form corresponding to H = 0, 
namely 


D D* 


Equation [23] is equivalent te an equation published by Karlson 
(2), connecting the film thickness ho with the normal tooth load 
F,. The small diagram in the upper corner of Fig. 4-shows on a 
compressed scale the corresponding graph for the rack and pinion 
described in Engineering (1), together with an isolated point 
representing our solution of problem No. 5. The ho/D values 
computed for Table 3 fall exactly into place on Fig. 4 and might 
have been determined directly from the chart by interpolation. 

The main family of curves in Fig. 4 should be found applicable 
not only to the gear and pinion described, but to any pair geo- 
metrically similar to these, regardless of absolute size; and to 
any lubricant following Karlson’s equation, regardless of abso- 
lute viscosity. Moreover, it should be possible from the calcula- 
tions developed in this paper to construct the appropriate charts 
for any pair of spur gears operating in accordance with the basic 
assumptions outlined. From an intercomparison of such charts 
the influence of the purely geometrical factors might be more 
clearly broughit out. 


ho (2) 
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NOTATION 
The following notation is used in the paper: — 


Co = dimensionless constant depending only on the gear geome- 
try; defined by Equation [12] 
C, = dimensionless constant defined by Equation [14] 
C, = dimensionless constant defined by Equation [16] 
D = pinion pitch diameter 
F = component of F, tangential to pitch circle 
F,, = normal force on tooth per unit of face width due to film 
"pressure 
H = dimensionless quantity proportional to Z;U/k and depend- 
ing also on film thickness; defined by Equation [7] 
J = dimensionless quantity proportional to tooth load; de- 
fined as a function of H in Equation [19]. 
L, = average number of teeth meshing simultaneously 
N = pinion speed in revolutions per unit time 
P = tooth load per unit of projected area formed by face width 
multiplied by pitch diameter; or ratio F/D, Equation 
{17} 
T = ratio of distance along tooth profile to square root of 2rho, 
defined by Equation [5] 
U = mean of U; and U; 
U, = tangential velocity of pinion-tooth surface 
U; = tangential velocity of gear-tooth surface 
Z = viscosity of lubricant at any point in film, as affected by 
pressure and temperature 
Z, = viscosity at atmospheric pressure but at temperature of 
film — 
b = pressure coefficient of viscosity at atmospheric pressure, 
evaluated for optimum fit between theoretical and ob- 
served viscosity-pressure curves 
bo = observed pressure coefficient at atmospheric pressure 
ho = film thickness at point of nearest approach, also called 
minimum film thickness 
k = empirical constant in Karlson’s parabola, Equation [1], 
expressing the viscosity-pressure relation 
ko = ratio of average F,, for all contact phases to value of F, 
for contact at pitch point : 
p = fluid pressure at any point in film asa function of z or T | 
Pe. = Maximum value of p 
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r = effective contact radius defined by Equation [6] i.e 
= radius of curvature of pinion tooth atcontact point = 
rp = corresponding radius of curvature of gear tooth 
x = distance along tooth profile from point of nearest approach 
considered positive in the direction of motion 
a = pressure angle fixed by gear geometry 


coefficient of viscosity > 
x = as usual, 3.1416 ~~ 
angular velocity of pinion i 


Discussion 


H. Brok.* 
question, which forms the background to the present discussion: 
What are the limits inherent in the hydrodynamic lubrication of 
_ straight spur gears? Under the authors’ five basic assumptions 
the answer doubtless is: There are no such limits, if viscosity in- 
creases quadratically with pressure according to Karlson’s para- 
bolic Equation [1]. This can easily be verified by referring to the 
“critical cases, that is, the limiting cases where maximum oil pres- 


sure Pm becomes infinitely high (H assumes its critical value - 


3 = 


0.770, as indicated by Expression [10], where H is de- 
fined by Equation [7]). In fact, it was shown by the authors 
that in the critical cases hydrodynamic load capacity F,,, as ex- 
pressed by I:quations [8] and [9], will become infinite. In this 

connection it is noteworthy that, in any given spur gear (given ef- 

~ fective contact radius r; 

—cosity velocity U, 


see for any’ given atmospheric vis- 
and tolerable minimum film thickness ho, 
* the critical value of H can in principle always be reached by 

proper choice of the empirical oil constant ’, that is, of thé oil. 


This indeed leads to the conclusion that, as long as all of the au- | 


thors’ basic assumptions as well as Karlson’s viscosity-pressure te- 
_ lationship can be upheld, hydrodynamic load capacity in principle 

is unlimited. 

It remains to’ be seen whether or not the basic assumptions 
and Karlson’s relationship can be upheld, when the critical cases 
‘are approached. 

In so far as Karlson’s relationship is concerned, this was ac- 
knowledged by the authors to break down for the high oil pres- 
sures involved in the cases contemplated. Then, the following 
generalized viscosity-pressure relationship would have to be sub- 
stituted for Karlson’s 


| 


where n would be greater than 2; particularly, the higher the 
maximum oil-pressure to be accounted for, the higher would n 
have to be. 

With the foregoing generalized relationship, it is found that 
the critical cases, where maximum oil pressure becomes infinitely 
high, occur when the quantity H (see Expression [7]) becomes 
equal to its critical value H, 


For instance, forn = 8, which the authors found to hold good 
for castor oil, H, would amount to 4/21 V3 = 0.110. 

Further, it proves that, in contrast with n = 2 as in the paper 
(or more generally, n < 3), as soon as n is greater than 3; hydro- 
dynamic load capacity in the critical cases no longer becomes in- 
finitely high, but remains finite, notwithstanding that maximum 


4 Senior Research Engineer, 
Delft, Holland. 
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6 = empirical constant in Equation [2] proportional to pressure 


The paper touches upon the following important, 


This can be shown, 
in the following way: ; 

With Equation [24] instead of Karlson’s relationship, Equation 
[1] of the paper, it can easily be deduced that the distribution of 
oil pressure p in the film, as a fiinetion of the variable 7, is given 


by 
[26] 


so that maximum aa Ssure Pmax, Which occurs in the film*section 
defined by T = 1/% ‘3, is 


In fact, for n = 2, Equation [26] reduces to the authors’ 
Equation [10] and, for H = H, (compare Equation (25]), pmax 
becomes infinitely high. 

With Equation [26], instead of the authors’ Equation [8], we 
now arrive at the more general expression for hydrodynamic load 
capacity F,, (compare Equation [3] of the paper): 


h H 


where J, represents the integral 


oil pressure continues to be infinitely high.* 


‘ 3V3 
pur =| V5. 


For the critical cases H = H,,-it now follows from analytical 


‘inspection of the singul: arity then occurring in the integrand of 
Equation [29] at 7 = 1/ Y ‘3, that, in fact, as soon as n > 3, hy- 
drodynamic load capacity remains finite, as then the Integral 
[29] converges.- 

By numerical evaluation it was found that for n = 4 and 6, 
in the critical cases H = H,, the factor J,,/H amounts, respec- 
tively, to 11.9 and 7.25; this means that in these critical cases, 
the relative gains in hydrodynamic load capacity, as compared 
with the classical case where viscosity is assumed to be inde- 
pendent of oil pressure, are 5.95 and 3.63.6 It can be shown that 
at increasing values of n the critical J,/H from Integfal [29] 
monotonously decreases toward an asymptotic limit; this could 
be checked if the authors would communicate the critical value of 
the integral, Equation [29], that they computed for their value 
ofn = 8, 

Thus it would appear that with n > 3 the generalized viscos- 
ity-pressure relationship, Equation [24], in fact, results in a gain 
in hydrodynamic load capacity; this in contradistinetion to the 
authors’ case n = 2, where the gain, is infinitely great. In this 
respect it should be noted that values of n greater than 3 (such as 
8) are more representative of actual lubricating vils than the orig- 
inally proposed value n = 2. Let us consider this point further 
in the light of the theory by Gateombe,’ who used the same basic 
assumptions as the authors, but based his calculations on a vis- 
cosity-pressure relationship different from Equations [1] and [24], 


’ By utilizing the method worked out by W. Weibull in his paper: 
“Glidlagerteori med variabel Viskositet’’ (Theory of Slider Bearings 
With’ Variable Viscosity) in the Swedish journal Teknisk Tidskrift, 
Mekantk, vol. 55 (1925), pp. 164-167, it can also be shown that, if in 
Equation [24] the exponent n is smaller than unity, there are no criti- 
cal cases at all; in other wofds, maximum oil pressure then could 
never become infinitely high. 

* It should be noted that for pressure-independent viscosity - the 
factor J,/H from Equation [28] assumes the value 2. 

Reference is to author's Bibliography (3). © =? 
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Lion 


that is, on the exponential relationship Equation [2] of the paper. 

Now, the authors themselves have already compared Gat- 
combe’s results with theirs (Table 3), but, as Gatcombe had not 
been able to evaluate his theory in an exact analytical way, for 
their purpose the authors had to confine themselves to Gatcombe’s 
“approximate” evaluation. However, it can be shown by the 
following arguments that the approximation involved is no 
longer tolerable when a critical case is approached. 

Gatcombe’s exact result can be written in the form of Equation 
[28], if the numerical factor (J,,/H) is replaced by B 


B=— In{1 — A(sin 2S + sin sec? S-dS 


[30] 
where the nondimensional quantity A is defined by 
Gai 10 [31] 
A=— : 
12 i 


if Gatcombe’s notation is upheld, or, if rewritten in the authors’ 
notation by 


A = Z,U(2r)'/? + 10.... 


Gatcombe’s approximation amounts to the same thing, as re- 
placing the exact value of B Integral [30] by the approximate one 


120 A 


As was shown by Gatcombe, with the exponential viscosity- 
pressure relationship, Equation [2] of the paper, critical -cases— 
arise, that is, maximum pressure theoretically becomes infinitely 
high, when A becomes equal to its critical value’ of 4 30/3. 

Whereas, for the critical value of A, the integrand of Integral 
([30] shows a singularity at S = 2/6, it can be shown by analytical 
inspection that yet this integral converges, so that the corre- 
sponding value of B or, say, hydrodynamic load capacity remains 
finite in the critical cases. On the other hand, Gatcombe’s ap- 
proximate value for B (see Expression (33]) becomes infinite for 
the critical value of A. This proves that, in fact, Gatcombe’s 
approximation is no longer tolerable when a critical ce: ase is 

reached or approached. 

In view of the background to the present discussion, we are 
left with the problem of computing, from Integral [30], a work- 
able expression for B that is applicable at least to the critical and 
the near critical cases. Fortunately, it proves that an exact 
evaluation of the integral of Equation [30] is possible, so that this 
evaluation is even applicable to the whole physically. significant 
range 0 £ AX 4/3V/3. The method of exact evaluation 
found will now be elucidated, the more so as it fs also applicable 
to the authors’ Integral [9]. 

Changing to the authors’ variable 
Integral [30], it is easily found that 


B = 12 


ral 


The foregoing two integrals can, in fact, be evaluated in terms of 
elementary functions by observing that the ‘integrands can be re- 


7, and partially integrating 


* By sheer coincidence the critical value for A happens to be the 
same as the one for the authors’ H in their case of n = 2. — 


HERSEY, LOWDENSLAGER—FILM THICKNESS BETWEEN GEAR TEETH 


“value of A, within the range 0 


' before the New York Academy of Sciences); 
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solved into partial fractions of no higher than the second degree, 

namely, as follows: 

According to Descartes’ well-known method of solving biquad- 
ratic equations, the form {(1 + 7?)* — 4A7’'] can be resolved into 
the product of'two quadratic forms 

(1 + —4AT = — ul + oT? + uT + w). [35] 
where u,v, and w are determined, for any given A, by the positive 
root of Descartes’ “cubic resolvent’’® 


+ 4y* — 16 A® = [30] 


That is, u,v, and w follow consecutively from the formulas 


(24+ y—44/Vy) = 4 (2 + — 44/u).. [375] 


(2+ = (2 + 44/u).. [87] 


In this way, the integrals in Equation [34] were actually evalu- 
ated in an exact analytical way. As, however, for an arbitrary 
<A 4/3-V/3 to be considered, 
the expression for B is rather unwieldy, the expression for the 


critical case only of A = 4/3 3 will be given here, namely 
3 = / , 
[(V3 — V2) +1n3 + 
tan-! (29/2) = 4.588..... [38] 


Thus we arrive at the conclusion that, with the exponential vis- 
cosity-pressure relationship Equation [2] of the paper, in the 
critical cases hydrodynamic load capacity is only 4.588/2 = 2.294 
times as high as it would be when viscosity is constant, that is, 
not affected by pressure. This entails, of course, that Gat- 
combe’s approximation can no longer be upheld in those cases 
where it predicts a relative gain (called “pressure effect,’’ in the 
last column of the authors’ Table 3) in hydrodynamic Joad ca- 
pacity that is greater than 2.204.- Such cases are represented by 
Gatcombe’s problems Nos. 1, 2, and 4; thus only to problems 
Nos. 3 and 5 can some significance be attached for the authors’ 
purpose of comparing their results with Gatcombe’s 

So far, the authors’ and Gatcombe’s basic assumptions have 
been upheld; it remains to be seen, however, whether these as- 
sumptions are permissible, and if not sufficiently so, when they 
will break down. Here we shall solely consider the question of 
the validity of the assumption about the perfect rigidity of the 
mating tooth faces. The reason that it can be made acceptable 
is that only the elastic distortion of the tooth faces, such as ac 
tually occurs when oil pressures in the film are sufficiently high, * 
can, in conjunction with the increase in viscosity with pressure, 
contribute sybstantially to hydrodynamic load capacity; thus 
we might arrive at an explanation of the remarkable fact that in 
practice there are many cases of gears where hydrodynamic load 
capacity obviously is very much greater than would be predicted 
by Martin’s anonymous paper (1)!'' on the elementary theory of 
hydrodynamic lubrication of gear teeth. 

- It will be evident that tooth faces may no longer be considered 


* It is easily demonstrated that, for0 < A < 4/3V. 3, which is the 
physically significant range of A, the cubic Equation [36] has one 
positive root only. 

1 The type of elastic distortion meant here was called “hydrod)- 
namic depression” in the present writer's paper: ‘‘Fundamental Me- 
chanical Aspects of Thin-Film Lubrication,”’ (read on March 4, 1950, 
in this paper further 
particulars about the relevant gain in hydrodynamic load capacity 
ean be found. 


1! Reference is to authors’ Bibliography (1). 
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to be perfectly rigid in those cases where the maximum film pres- 
sure, as calculated by the theory to be checked, attains or exceeds 


the order of magnitude of the Hertzian contact pressure that. 


would obtain for the load considered if there were no oil film at all. 
In fact, in such cases the elastic distortions of the tooth faces un- 
der the high oil pressures must be comparable with those accord- 
ing to the Hertzian theory of elastic contact. This means, how- 


‘ever, that, with the small minimum film thicknesses involved, the 


geometry of the film, and thereby the distribution of film pres- 
sures and hence the corresponding hydrodynamic load capacity, 
must be altered appreciably. Examples of the foregoing cases 
are provided by all of Gatcombe’s problems, except No. 5 (com- 
pare the authors’ Table 3). } 

It would also appear that the somewhat disturbing critical 
cases wi‘ ’. their infinitely high maximum oil pressures would dis- 
appear automatically when the elastic distortions of the tooth 
faces are taken into account. Anyway, in cases representative 
of the beneficial effects on hydrodyiramic load capacity of the 
increase of viscosity with pressure,-the additiorial beneficial ef- 
fects of the elastic distortions mentioned have to be accounted 
for simultaneously. Of course this renders the computer’s task 
much more difficult; however, some headway has already been 
made and it is hoped that the results can be published in the not 
too distant future. 


AvuTHOoRS’ CLOSURE 


It is reassuring to have Mr. Blok’s opinion that the effect of 
elastic deformation is to increase the film thickness. This con- 
firms the authors’ belief that the assumption of rigid teeth gives 
film thickness values on. the safe side, the true values being 
greater than calculated. It was not the authors’ desire to defend 
that assumption but only to treat it as a limiting case. Let us 
hope that new investigations will soon be available in which 
elastic deformation is combined with hydrodynamic action. 
Meldahl?? took a long step in this direction but did not include 
the viscosity-pressure effect. . 

Mr. Blok offers constructive comment in two principal direc- 
tions: first, by explaining the question he had raised (5) re- 
garding the accuracy of Gatcombe’s theory, and providing an 
exact analytical solution; second, by outlining a solution for 
rigid teeth based on a more general form of the viscosity-pressure 
relation, namely Equation [24]. 

-This equation is a fairly obvious generalization of Karlson’s 
parabola, the only change being the substitution of an empirical 
exponent n in place of the parabolic exponent 2. The same gen- 
eralization had also been investigated by the authors, and the 
main results stated during the oral presentation of the paper. 
These are summarized below in response to Mr. Blok’s inquiry 
regarding the critical value of the load integral in Equation [29] 
‘when n = 8. 

Proceeding as in Karlson’s paper except for the use of n in 
place of 2, the authors had arrived at relations identical with 
Equations [26] to [29] by completely analytical steps. Equation 
[29] was then integrated graphically for chosen values of H, 
leading to the round number J,,/H = 6 when n = 8 and H has 
the critical value H, = 0.110. An analytical proof that the load 
integral remains finite in the critical case if n is greater than 3- 
had been given by Mr. Lowdenslager. 

A more precise solution was then made in which the area under 
the pressure curve was evaluated by a semianalytical method, 

" “Contribution to the Theory of the Lubrication of Gears and of 


the Stressing of the Lubricated Flanks of Gear Teeth,”’-by A. Mel- 
dahl, Brown Boveri Review, vol. 28, 1941, pp. 374-382. 
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The tail of the diagram from 7; to infinity, where Tris large com- 
‘pared to the value Ty at which the formula gives infinite pressure, 
was computed by, treating T)/7' as a negligible quantity. The 
peak area was evaluated by neglecting 7-7) in comparison with 
“To, using a factored expression kindly suggested by Prof. J. T. 
Burwell, Jr., of M.1.T. The mean of both methods gave J,,/H, = 
6.2. This is in good agreement with a more exact value, 6.23, 
communicated by Mr. Blok. In fact, Mr. Blok and the authors, 
working independently, arrived at similar conclusions on every 
essential aspect of the problem. . 

All the values found for J,,/H, are plotted in Fig. 5 as a function 
‘of n. Fig. 6 has been constructed with the aid of Fig. 5 and can 
be offered as a tentative generalization of Fig. 1. In Fig. 6 the 
dashed curves for n = 3, 4, 6, and 12 have been drawn in free- 
hand from H ‘= 0 to their known end-points corresponding to 


H, = 0.384, 0.257, 0.154, and 0.070 respectively, and faired by — 


cross-plotting of H against n at constant values of the ordinate. 


From Fig. 6 and its future refinements, in conjunction with. 


Equations (13], {15}, [19], and [20] of the paper it should be 
possible to generalize the film-thickness chart, Fig. 4, for all 
values of n. In the meantime, the practical use of Fig. 4, with 
Karlson’s exponent 2, requires only that suitable values be se- 
lected for the empirical constant k with the aid of Fig. 3, as‘ de- 
scribed in the paper. ; 
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Thermal-Shock and Other Comparison Tests 


of Austenitic 


and Ferritic Steels 
for Main Steam Piping 


1 By W. C. STEWART! anv W. G. SCHREITZ,' ANNAPOLIS, MD. 


Thermal-shock tests of 6-in. pipe-and-valve assemblies, 
representing both austenitic and ferritic steels in 80 and 
160 schedules, are described. The shock-testing procedure 
was devised to simulate conditions resulting from carry- 
over of boiler feedwater ‘into main steam lines operating 
at 900 or 2000 psi pressure, 1050 F temperature. Other 
test procedures described include cyclic deflection tests of 
full-size mock-ups consisting of 160 schedule pipe and 
valves for simulating expansion bends. Results are re- 
ported for mock-ups of both austenitic and ferritic ma- 
terials which were tested at 2000 psi pressure, 1050 F tem- 
perature. Each assembly was subjected to 4000 or more 
deflections corresponding to expansion cycles that would 
obtain on heating up a piping system from room tem- 
perature to 1050 F once every 2 
20 years. 


days for approximately 
INTRODUCTION 


ISION to investigate the feasibility of utilizing 18-8 
chromium-nickel-type steel for main steam piping for 
1050 F temperature service was prompted by the superior 
strength properties of the material at temperatures above 1000 F. 
Moreover, the superior high-temperature properties of the austen- 
itic steels over the ferritic steels for temperatures above 1000 F 
are reflected in the higher working stresses aJlowed by the ASME 
Boiler ¢ ‘ode. 
should permit the use of thinner and lighter pipe which, at the 
higher pressures, is particularly advantageous from the standpoint 
of increased flexibility, and weight saving. On the other hand, 
thermal expansion is greater for austenitic steel than for ferritic 
steel, and this fact must not be overlooked in considering flexi- 
factors. 

* No experience with austenitic steel for main steam piping has 
been reported, although the material has been used for boiler 
feed lines. H. Weisberg? has reported on cyclic heating tests of 
main steam-piping. joints between ferritic and austenitic steels. 
Reports from the oil industry of failures of components in pipe 
lines used to convey charges of hot oil from cracking stills created 
doubt as to the suitability of austenitic steel for main steam 
piping. 

It is reported that components in austenitic-steel pipe lines have 
shown muck greater susceptibility to cracking as a result of 
thermal shock produced by the periodic flow of hot oil than have 
similar components of ferritic-steel pipe lines. In view of this 


The. higher working stresses for austenitic steel 


1 United States Naval Engineering Experiment Station. 

2“Cyclic Heating Tests of Main Steam-Piping Joints Between 
Ferritic and Austenitic Steels—Sewaren Generating Station,”’ by 
H. Weisberg, Trans. ASMP, vol. 71, 1949, pp. 643-649. 

Contributed by. the Power Committee and presented at the Spring 
Meeting, Washington, D. C., April 12-14, 1950, of Tue American 
Socrety oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, February 
27,1950. Paper No. 50—S-23. 
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information it did not seem unreasonable to assume that au- 
stenitic steel might exhibit similar susceptibility in steam service 
under conditions of thermal shock occasioned by boiler-water 
carry-over. Moreover, experience has been cited which indicates 
strength deficiencies for austenitic-steel castings as well as for 
welded joints between austenitic pipe and castings. 

There are numerous points of difference between pipes carrying 
hot oil as previously mentioned and main steam lines. In the 
case of oil pipe lines, the pressures are fairly low and the tempera- 
ture of the oil high. For steam lines under consideration the 
pressure is high and the temperature intermediate by comparison. 
In the oil pipe lines conditions producing high thermal gradients 
recur regularly, while conditions producing similar gradients in 
steam lines occur only infrequently as a result of boiler-water 
carry-over. Then, there is the difference in heat-transfer char- 
acteristics for the two processes which appears to be an important 
factor in favor of steam applications. Hot oil on passing through 
a relatively cold pipe causes the inside layer to expand. This 
expansion is resisted by the colder outer layers with the result 
that the inside is stressed in gompression. Cracking occurs on 
cooling when the inside of the pipe is in tension. 

The introduction of a quantity of boiler water along with the 
steam flow cools the inside surface, producing a thermal gradient 
in the pipe wail. 
by the outer layers of the pipe which are at higher temperature, 
with the result that the inside of the pipe is subjected to a tensile 
stress.. Therefore any tendency to cracking in steam pipes under 
thermal shock associated with feedwater carry-over would be ex- 


Contraction of the quenched layer is resisted 


pected to occur on quenching. 

In setting up the test program, it was decided to subject full- 
scale pipe-and-valve assemblies to thermal-shock conditions 
simulating boiler-water carry-over. It was reasoned that this 
procedure would produce the maximum temperature gradient in 
the pipe wall that could be expected in service. A second series 
of tests included in the program consisted of subjecting full-scale 


-mock-ups to deflection cycles designed to simulate stress condi- 


tions produced in expansion loops on heating and cooling. At 
the outset, it was the intention to test only the austenitic material 
under thermal shock. Later, it was decided to conduct parallel 
tests of 2'/, Cr-1 Mo steel throughout. 

In order that information on the strength properties‘of the 
particular test materials might be available, a laboratory test 
program was included as a phase of the investigation. Speci- 
mens for this purpose were fabricated from sections of 6-in., 80, 
and 160-schedule pipes and cast cylinders designed to simulate 
cast valve bodies. The same welding procedures were employed 
in fabricating these test sections as were used in welding the 
thermal-shock assemblies and mock-ups. 

Welding of the original test assemblies, including the specimens 
for the laboratory test program, was performed by a large com- 
mercial fabricator utilizing production welding practices with re- 
gard to qualification of welders, number of welde rs employed on 
the job, shift _ and extent of supervision exercised over the 
welders. 
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STEWART, SCHREITZ—TESTS OF AUSTENITIC, FERRITIC STEELS FOR MAIN STEAM PIPING 


Description OF THERMAL-SHock Test ASSEMBLIES 


Details of the thermal-shock test assemblies are shown in 
Fig. 1. Four 6-in. assemblies are shown. Two are of austenitic 
steel, type 347, in 80 and 160 schedules, and the other two ferritic 
steel, Type T-22 in the same schedules. The lighter assemblies 
were prepared for testing at 900 psi pressure, 1050 F temperature, 
and the heavier specimens for testing at the same temperature, but 
at 2000 psi pressure. Each assembly contains two pressure- 
seal bonnet gate valves, one of cast material and the other of 
forged material, both of similar composition to the pipe. The 
160 schedule austenitic assembly contains a 36-in. length of 2'/, 
Cr-1 Mo steel pipe at mid-length, while the ferritic assembly con- 
tains a similar length of austenitic-steel pipe. This arrangement 
permitted the simultaneous testing of joints between the dis- 
similar steels. In the austenitic assembly a transition type of 

- welded joint was employed, while the dissimilar materials in the 
ferritic assembly were joined by means of V-type welds. Details 
of the transition-type joint are given in Fig. 1. No dissimilar 
metal sections were incorporated in the 80-schedule thermal- 
shock assemblies. 

” Fig. 2 shows the design of the V-type weld employed in welding 
the thermal-shock assemblies. The welds of the ferritic-steel 
assemblies, except for the welds joining the dissimilar pipe sec- 
tion, were made with 2'/, Cr-1 Mo electrodes. The dissimilar 
pipes were welded with 25-20 chromium-nickel electrodes. 
The V-welds of the austenitic assemblies are of two types, those 
made with 19-9 Cb electrodes and those made with 25-20 elec- 


trodes as indicated in Fig. 1. 


Fig. Derairs or V-Type Wetpep Joint 

_The 2'/, Cr-1 Mo steel pipe is in accordance with ASTM 
A158-46T, except that chemical’ requirements ‘are as per 
ASTM Specification A213—46T for Grade T-22. 

The prescribed welding procedure included the following: 

All joints of 2'/, Cr-1 Mo steel were preheated to a minimum 
temperature of 400 F for welding, and this temperature was 
maintained until final heat-treatment was accomplished. After 
welding and while the interpass temperature was held, a circum- 
ferential band on each side of the weld, having a width of not less 
than 6 times the section thickness of the pipe, was heated uni- 
formly to a temperature within the range 1325-1350 F. The 
zone was maintained at this temperature for a period of time 
equivalent to 2 hr per in. of thickness. Retarded rates of cool- 
ing were employed. 

The 18-8 Cb pipe is in accordance with ASTM A158—46T for 
Grade P8d. The pipe was stabilized at 1550 F temperature as a 
final operation, pickled, plus all supplementary requirements of 
specification. No preheat or postheat was employed in welding 
the austenitic-steel pipe. 

The material for the cast austenitic-steel valve bodies is in 
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0.10 per cent maximum carbon and columbium stabilized. 
Material for the forged austenitic valve bodies is as per AISI 
Type 347. All bodies were given the following treatment: 

Heated to 1850 F minimum, held for 4 hr, and cooled in air 
blast until black. Stabilizing treatment consisted of heating to , 
1575-1625 F, holding for 8 hr, and cooling in air. 

The material of the cast ferritic-steel valve bodies is as per 
ASTM Specification A217, Grade WC3. The chemical composi- 
tion of the forged valves is as per ASTM Specification A213-_ 
46T, Grade T-22. The valve bodies were heat-treated as follows: 


Cast Bodies: 
Normalizing treatment 
Heated to 1775-1825 F, held for 4 hr, cooled in air 
Air-quench treatment 
Heated to 1675-1725 F, held for 4 hr, cooled in air 
Tempering treatment 
Heated to 1275-1325 F, held for 4 hr, cooled in air 


accordance with ASTM Specification A157, Grade C9, ie 


Forged Bodies: 
Air-quench treatment 
Heated to 1550-1600 IF, held for 4 hr, cooled in air 
Tempering treatment 
Heated to 1275-1325 F, held for 4 hr, cooled in air 


Prior to welding, the thermal-shock specimens were drilled for 
thermocouples as shown in Fig. 3. The thermocouple holes are 
0.136-in. diam and are located on the underside of the pipe about 
6-in. upstream from the cast valves, where the quenching action 
would be most severe. The thermocouples are held against the 
metal at the bottom of the wells by coil springs. Drilling these 
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holes prior to welding permitted more, accurate depth measure- 
ments to be made. Leads from the thermocouples were con- 
nected to jacks mounted in a panel board, and the circuits to the 
instruments were completed by plugging in on the panel. . 

Characteristics of the temperature recorders used in the in- 
vestigation are as follows: ' 


Four-point recorder, chart speed 8 ipm, 0 to 1200 F, minimum 
time between printed points 1 sec. 

Continuous pen recorder, 0 to 1200 F, chart speed 8 ipm, 
maximum pen speed 4.5 sec for full scale travel. 

Continuous pen recorder, double range 0 to 12 mv and 0 to 


1200 F. Chart speed 8 ipm, maximum pen speed 2.2 sec for 
full scale travel. vy ve 
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THERMAL-Suock Tes'rs 

The thermal-shock specimens were set up for test as shown in 
Fig. 4. Steam was supplied from a Bessler boiler and separately 
fired superheater, and thence through a booster superheater be- 
fore entering the test assemblies. The temperature of the steam 
on leaving the Bessler superheater was approximately 930 F, 
The steam at the outlet of the booster superheater was main- 
tained at 2000 psi pressure, 1065 F temperature, which insured 
steam at 1050 F at the test assemblies. The flow of-steam was 
maintained constant by means ‘of orifice plates in the discharge 
lines; about 7500 lb of steam per hr was passed through each 
assembly, Steam on leaving the assemblies was passed through a 
desuperheater, thence to a condenser. 

As shown in Fig. 4, two thermal-shock specimens of the same 


-4 Layout or THermat-Suock Test Specimens 
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* schedule are arranged in parallel with the quenching tower sus- 


pended between them, The tower is provided with four thermo- 
couple wells distributed over its length. Thermocouples placed 
in these wells indicate the water level in the tower. The test 
assemblies are mounted on rollers to prevent longitudinal re- 
straint. Thermal shock is produced by introducing water at the 
saturated temperature into the ‘assemblies after the latter have 
attained temperature equilibrium. The water is introduced 
along with the flow of superheated steam in order more nearly to 
simulate actual service conditions. 

The original plan of test called for shocking the austenitic and 
ferritic assemblies alternately. A few preliminary runs showed 
that this was impracticable as the procedure caused too much 
fluctuation on the boiler, and besides, the main valves were diffi- 
cult to operate with long rods extending outside the protective 
enclosure. Accordingly, one assembly was tested at a time. The 
assemblies were’ shocked with either 60 or 88 lb of water, cor- 
responding to levels 2 and 3 of the quenching tower. The volume 
of quenching water, whether 60 lb or 88 lb, had no significant ef- 
fect on the temperature gradients produced in the pipe walls. : 

A temperature record was taken for each thermal] shock, the 
order of taking thermocouple records being varied so that all 
combinations of temperature differences would be obtained. For 
several runs, records were obtained on a multipoint recorder 
which gave a complete record. However, the printing speed of 
the multipoint recorder was not sufficient to obtain maximum 
temperature differentials. Temperature gradients given in the 
paper represent a composite of several average runs. Readings 
obtained with a differential recorder were not in good agreement 
with the corresponding temperature differentials obtained for 
iron-constantan thermocouples, but the records do serve to con- 
firm a peculiar behavior observed for one of the regular thermo- 
couples. This circumstance will be referred to later in the paper. 

Test data obtained for the thermal-shock specimens are given 
in Table 1. 


TABLE 1 TEST DATA FOR THERMAL-SHOCK TEST SPECIMENS 


Ferritic assemblies Austenitic assemblies 
quenched with 60 or 88 pounds of water 
-—Schedule——. ——Schedule——. 


° Condition 80 160 80 160 
Number of thermal shocks. ....... 100 125 100 102 
Approximate time for 1 shock cycle, 


Maximum temperature difference 
between inside and outside of 
pipe wall during quench, deg F .. 225 210 115 170 
Average time required to produce 
maximum temperature differ- 


ential in pipe wall, sec......... 2 4-5 3 17 
Steam pressure during heating part 

900 2000 900 2000 
Boiler steam pressure, psi... ...... 1020 2300 1020 2300 
Temperature of pipe prior to 

quench, deg F 1050 1050 1050 1050 
Temperature of quench water, deg 

es 533 635 533 635 


Nore: All four thermal-shock assemblies withstood the 100 or more 
quenching cycles without failure by rupture. 


Time-temperature curves for four locations in the pipe walls of 
the 160-schedule austenitic and ferritic assemblies are shown in 
Figs. 5and6. These assemblies were quenched with wafer at the 
saturation temperature (635 F). In Fig. 5 the curve for ‘thermo- 
couple T-1 is shown as crossing the curve for thermocouple T-2 
at 16 sec and recrossing at 26 sec. This anomaly was observed 
only in the case of the austenitic assembly, as will be seen by a 
comparison of the time-temperature curves in Figs. 5 and 6. 

Differential thermocouple readings obtained for the austenitic 
assembly also indicated a higher temperature for T-1 than for 
T-2 over a short period of time, thus confirming results obtained 
with regular thermocouples. Similar differential thermocouple 
records for the ferritic assembly showed no corresponding 
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anomalous behavior. Temperature differentials obtained from 
curves T-1 and T—4 in Figs. 5 and 6 are plotted in Fig. 7. The 
slow response of thermocouple T-1 of the austenitic assembly on 
quenching is indicated by the lower portion of the curve. No 
satisfactory explanation for this behavior is available. 

Similar time-temperature curves for the 80-schedule austenitic 
and ferritic assemblies are shown in Figs. 8 and 9. During these 
tests, trouble developed in thermocouples T-2 and T-% of the 
austenitic assembly, and in T-3 of the ferritic assembly. In 
view of this, results obtained for these thermocouples are not in- 
cluded in the paper. Temperature differentials for thermocouples 
T-1 and T-4 of the 80-schedule assemblies as taken from the time- 
temperature curves in Figs. 8 and 9 are presented in Fig. 10. 


Srress CALCULATIONS 


Thermal stresses produced in the 160 schedule assemblies as 
a result of the quenching action were calculated from Timo- 
shenko’s* thermoelastic formula. As the temperature was meas- 
ured at four positions, three positions within the pipe wall and on 
the outside of the pipe, it was necessary to interpolate to find the 
temperature at points between the locations where it was actually 
measured, This interpolation was done under the assumption 
that the temperature varied linearly between successive readings, 
from thermocouple to thermocouple. It was possible to find the 
temperature of the inside wall by extrapolating the values from 
the first two thermocouples as these were quite near the wall. 

The stresses at radii corresponding to the four thermocouples 
were calculated from four integrals which were added to get the 
corresponding integral for outside radius to inside radius. As a 
check the integral from outside radius to inside radius was cal- 
culated in a similar manner, assuming that the temperature 
varied linearly throughout the pipe wall. These yielded values 
are very near the values as calculated by thermocouple-to- 
. thermocouple integration. The maximal tensile stress developed 
in each of the assemblies as calculated by this method was about 
the same, namely, 32,000 psi. The maximal tangential stress 
was computed using the formula,‘ developed under the assump- 
tion that the temperature varied linearly from wall to wall. 

Results checked closely with the largest of the stresses compute.t 
by the method previously described. 
Description or Mocx-Ups 

On completion of the thermal-shock tests of the 160-schedule 
assemblies, the valves with connecting section of pipe were re- 
moved for rewelding in mock-ups for cyclic deflection tests. 
In sectioning the thermal-shock specimens, one cut was made 
about 5 in. upstream from the cast valve, and the other 12 in. 
downstream from the forged valve. A 7-in-long section of pipe 
was welded to the pipe adjacent to the cast valve to make the 
assembly symmetrical. Then, S-bends were welded to the ends 
of the pipe and valve assemblies, producing a mock-up as shown 
in Fig. 11. The design of these welds differed somewhat from the 
original welds in that a flat split backing ring with four pins to 
maintain °/s in. root spacing for the austenitic pipe and !/, in. 
root spacing for the ferritic pipe was emploved. 

As shown in Fig. 11, one end of the loop is anchored and the 
other end pinned to the piston of a hydraulic cylinder having an 
8-in. bore. The free end of the loop is restrained from moving in 
any but the horizontal direction by a 30-in-long sleeve bearing. 
The hydraulic cylinder is supplied with oil at the rate of 50 cu in, 
per min by a motor-driven pump. The direction of the piston is 
reversed by means of an electrically operated four-way valve, the 
length of the stroke being controlled by microswitches. Three 


“Strength of Materials,"" by S. Timoshenko, second edition 
The Macmillan Company, New York, N. Y., vol. 2, 1931, p. 261. 
4 Ibid., p. 174. 
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safety devices are contained in the hydraulic system, i.e., (1) a 
pressure-relief valve set at 300 psi, (2) a pressure switch adjusted 
to shut*down the pump when the pressure exceeds 275 psi, and 
(3) a by-pass valve in a line connecting the ends of the cylinder. 


Resutts or Mock-Up Tests 


Deflection tests.were made of the 160-schedule mock-ups at 
room temperature after mounting resistance-type strain gages at 
a number of locations as indicated in Fig. 11. Readings were 
taken on all gages after removing the pin from the shackle of the 


o 2 4 6 8 0 i2 4 6 18 20 22 24 2% 26 30 32 34 36 386 40 42 44 46 48 SO 52 54 56 56 60 
TIME - SECONDS 
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piston so as to insure a free-end condition. The connecting pin 
was then replaced without producing appreciable change in the 
initial readings. Next, 2000-psi hydrostatic pressure was ap- 
plied to the assembly, and another set of readings taken. - Strain- 
gage readings were obtained for different positions of the piston 
while compressing the loop. Readings were taken about every 
0.3-in. movement of the piston for a total movement of 2 in. 

The relationship between deflection and strain or equivalent 
stress having been established at normal temperature, it was only 
necessary to multiply the normal temperature deflection by the 
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ratio of moduli of elasticity of the material at normal and 1050 F 
temperatures to obtain the deflection necessary to produce the 
For the aus- 
and for the ferritic 


tenitic steel this ratio is 28.8/23.0 = 1.25: 


steel 30.4/21.0 = 1.45. 


Steam was passed through the mock-up at the rate of 5000 Ib 


per hr, temperature equilibrium at 1050 F temperature being 
established after 6 hr. The unrestrained position of the free end 
of the assembly was determined within 0.02 in. 
the 160-schedule austenitic mock-up, the stroke was 


In the case of 
adjusted to 


produce an equivalent stress of approximately 21,500 psi for 


QUENCHED WITH 535° WATER 
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the extreme end of the stroke, and a corresponding stress of 11,500 
psi for the opposite end of the stroke, the variable equivalent 
stress being 10,000 psi. For the 160-schedule ferritie mock-up 
the corresponding stress range was 15,750 to 9750 psi, and the 
variable equivalent stress 6000 psi. The stroke and equivalent- 
stress relationships were based upon strain values obtamed for 
gages e and f as shown in Fig. 11. In taking the strain readings 
on the ferritic mock-up, a rosette strain gage containing a 45-deg 
clement was placed at location ef. This permitted evaluation of 
shear stress which was found to be negligible. 

The principal stresses computed from the strain-gage readings 
for the cold condition, including the equivalent stresses, are given 
in Table 2. The stresses were computed from the following rela- 


tionships: 
- 
1 — p? 
& 
5, = Eley + mes) 
é 1 — 


S = 
where 


S, = longitudinal stress, psi 
S, = circumferential stress, psi - 
S = equivalent stress, psi 
¢, = unit strain in z-direction 
¢, = unit strain in y-direction 
uw = Poisson’s ratio = 0.3 


In setting up the test procedure for the mock-ups, it was de- 
cided to subject the members to 4000 deflection cycles. This 
number of cycles was selected as representing the contraction and 
expansion that a piping system would undergo if brought up to 
1050 F from normal temperature once every 2 days for approxi- 
mately 20 years. 

The 160-schedule austenitic mock-up was subjected to 4100 
deflection cycles, and the corresponding ferritic mock-up to 4300 
cycles. Neither mock-up showed any effect of the test which 
could be discerned by the operating personnel, The average inlet 
and outlet steam temperatures for the austenitic assembly were 
1055 F and 1045 F. The corresponding temperatures for the 
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(a) Values for maximum inward deflection of loop. 


ferritic mock-up were 1057 F and 1048 F. The austenitic 
mock-up was under test approximately 135 hr at 30.4 cycles per 
hr. The ferritic mock-up was under test 116 hr at 37 cycles per hr. 

The next phase of the investigation will consist of similar tests 
of the 80-schedule mock-ups. 

Following the cyclic deflection tests, zero points for the free- 
end condition were determined. The zero point of the free end 
of the austenitic assembly after 4100 deflection cycles indicated 
that the assembly was 0.44 in. shorter than at the start of the 
test. The ferritic assembly after 4300 cycles showed a cor- 
responding shortening of 0.86 in. 

It appears that shifting of the zero point was caused by yielding 
which tended to alter the form of the loop somewhat. At the 
conclusion of the test the maximum stress in the austenitic mock- 
up was 18,000 psi and the minimum stress 8000 psi, as compared 
to an initial range of 21,900 to°11,200 psi. For the ferritic mock- 
up, the maximum stress was 10,600 psi and the minimum stress 
5500, as compared to the range 15,750 to 9750 psi at the start 
of the test. Inasmuch as the tests were conducted at constant 
deflection, the value of the variable stress would not be expected 
to change materially. 


EXAMINATION OF THERMAI-SHOCK ASSEMBLIES AND Mock-Up 
Tests 

The necessity for removing the valves and connecting pipe 
{ntact from the thermal-shock specimens for rewelding in the 
mock-ups has precluded destructive examination of any of the 
welds excepting those at the ends of the assemblies. In Fig. 1 
the various welds of the assemblies are numbered for convenience 
of reference. : 

Thermal-Shock Assemblies—160 Schedule. All welds contained 
in the 160-schedule thermal-shock assemblies weré examined by 
an oil-powder method of flaw detection prior to the thermal- 
shock test. Also, transition weld No. 6 was macroetched and 
examined at low power for cracks. Following the thermal-shock 
test the welds again were examined by the oil-powder method. 
Those welds showing indications of defects were macroetched and 
examined. In addition, welds, 5, 6, and 9 were x-rayed, and 
welds 2 and 9 subjected to a peel test which consisted of removing 
the weld metal from the groove in increments ranging from 0.0075 
to 0.030 in. until no indications of cracks were revealed by oil- 
powder inspection. 7 

Prior to the thermal-shock test, no cracks were observed in the 
weldments of the 160-schedule assemblies as a result of oil-powder 
and macroexamination methods of inspection. Following the 
thermal-shock test, the oil-powder technique revealed cracks 
which were not ‘evident prior to the shock treatment. The 
distribution of these cracks was toward the bottom ef the as- 
semblies. 

The welds joining austenitic-ferritic pipe, namely, 25-20 in 


TABLE 2 DATA OBTAINED FROM COLD DEFLECTION TESTS OF 160-SCHEDULE MOCK-UPS 


Strain- 
———Principal stresses computed from—— 
loca- strain readings, psi _— Equivalent stress, psi——— 
Austenitic Ferritie Austenitic ‘erritic 
shown -Direction mock-up mock-up Mock-up Mock-up 
_in on 160 schedule 160 schedule 160 schedule , 160 schedule 
‘Fig. pipe (a) (0), (a) (b) (a) (b) (a) (b) 
e Long 24500 13100 18200 11300 
Trans 6800 6100 6100 6109 «21900 11200 16000 9800 
> £ Long 12500 7200 8000 5400 - 
Trans -15000 -—4800 -13500 -—5200 73800 10500 18800 9100 
m Long 17800 9400 21900 13400 o ‘ : 
n Trans. 25800 14700 26800 17600 2780012900 24800 15900 
c Long 21800 11800 17000 10700 2 
d Trans 6500 6200 7600 7100 «(19400 10200 14800 9500 
i Long — 16300 — 6400 — 11000 — 3900 
k Trane 3800 3800 5700 5700 18500 8900 14700 8300 — 


(b) Values for minimum inward deflection of loop. 


V-type joints and 19-9 Cb in transition-type joints, showed the 
greatest tendency to develop cracks. The etched surfaces of the 
transition joints indicated variations as regards the deposition 
technique employed, in that, in some portions of the joints the 
weld metal was deposited stringerwise while in others in oscilla- — 
tions or weaves up to 1 in. in width. 

The 19-9 Cb weld metal in the austenitic piping revealed the 
least tendency toward fissuring. Others* have observed that 
chromium-nickel compositions of this type, which promote the 
formation of ferrite, are more resistant to fissuring than are the | 
fully austenitic weld metals. Results of the peel test performed 
for welds Nos. 2 and 9 showed that cracks indicated on the sur- 
face were removed completely after machining to a depth of 
0.023 in. for weld No. 2 (19-9 Cb), but persisted to a depth 
of 0.375 in. for weld No. 9 (25-20). 

The welds of the 160-schedule ferritic assembly also revealed 
cracks following the thermal-shock test, but the number of cracks 
was less than in the austenitic assembly. The majority of 
cracks occurred in welds Nos. 10 and 15. 

Thermal-Shock Assemblies—80 Schedule. The welds of the 80- 
schedule assemblies were examined after the manner described 
for the 160-schedule assemblies. 
to thermal-shock treatment. Following the thermal-shock tests, 
cracks were revealed by the oil-powder method but were less 
numerous and more uniformly distributed than in the 160-_ 
schedule specimens. Of the two 80-schedule specimens, the— 
austenitic assembly showed the greater tendency toward fissuring, — 
the number of fissures being much greater in the 25-20 weld No. — 
2 which happened to be located near the inlet end of the as-— 
sembly. 

The welding technique employed in producing the 25-20 welds | 
in the 80-schedule assembly was at variance with that for similar 
welds in the 160-schedule assembly in that deposition was 
stringerwise. 

Austenitic Mock-Up—160 Schedule. Further examination of 
the welds following 4100 deflection cyeles of the 160-schedule 
austenitic mock-up showed an increase in the number and mag- 
nitude of cracks in the 25-20 V-joint welds 7 and 8, and in the 
transition welds 5 and 6. 


& 


No cracks were observed prior 


In the case of joint 5, the concentration 
of defects was apparently on the ferritic side of the joint along the 
line of fusion between the layer of 25-20 weld metal and the main 
body of the 19-9 Cb weld metal. 

Testing of the 160-schedule ferritic mock-up was not completed 
in time to include results of oil-powder inspection in the paper. 

The fact that cracks or fissures were not revealed in the welds 
by the oil-powder method until after the thermal-shock treatment 
might indicate that the defects were potentially present as planes 


’“The Effect of Alloying Elements on the Tensile Properties of © 
25-20 Weld Metal,” by H. C. Campbell and R. D. Thomas, Jr., 
Welding Journal, vol. 25, 1946, pp. 760s-768s, 
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TENSILE TEST RESULTS FOR 0.505-IN. 


TABLE 4 


SPECIMENS TAKEN ACROSS V-TYPE WELDS 


Yield Elonga-| Red. 
Tensile |Strength | tion in| of 
Temp. |Strength|(.24 Set) 2* Area 
Description of Test 
of Specimen Lb per Sq Inch Percent 


Specimens taken across Room 90400 59300 | 22.0 
V-type welded joints 85600 56900 | 16.5 
160 schedule 900 59900- 43900 | 18.0 
G-inch pipe — welded 59400 42200 | 25.0 
with 19-9 Cb electrodes. 1000 


19.5 
11.0 
23.5 


Failed in weld. 


Failed in weld. 


Broke in base metal. 


Broke in weld. 


Broke in weld. 


Broke in base metal. 


56800 42200 17.0 27.5|Broke in weld. 
Specimens taken across — 88400 55400 | 18.0 28.5|Broke in weld. 
V-type welded joints in 76100 53900 |11.0 26.8|Broke in weld. 
1000 | 59400 | 37700" |22.0 |57.3|Broke in base metal. 
6-inch pipes — welded - 
with 25-20 electrodes. 1100 52400 34400 8.0 21.3|Broke in weld metal. 
Specimens taken across | Room | 78700 | 35400 |45.0 |59.5|Broke in cast metal. 
V-type welded joints 
joining cast 18-8 550 53400 28000 | 23.0 59.9|Broke in cast metal. 
cylinders — welded with | 1900 | 53700 | 27600 |23.0 . |49.7[Broke in cast metal. 
19-9 CP electrotes. 1050 45900 23400 |22.0 52.7 |Broke in cast metal. 


22.0 


Broke cast 


metal. 


-* .14 set 


of weakness from the beginning, and that the stress conditions 
imposed by the test caused development into fine cracks. If this 
is correct, it would be expected that continued stressing would 
further aggravate the defects as has been mentioned for the 25-20 
V-joints, welds 7 and 8, and transition welds 5 and 6 of the 160- 
schedule austenitic assembly. These welds were subjected to 
both thermal shock and deflection cycles. On the other hand, 


; 7 fissures would not be expected to develop in sound austenitic 


in austentic welds. 


weldments as a result of the therma] stresses imposed. 
Careful and painstaking control of the entire welding process 
is necessary to avoid fissuring in welds of heavy sections. Opin- 3. 
’ jon differs as to the relative jmportance of the various factors. 
The effect of certain residual elements for increasing the sus- 
ceptibility to cracking in a number of the chromium-nickel weld 
metals was pointed out by R. D. Thomas, Jr.6. The same author 
observes that cracks may arise from changes in composition of 
the weld metal by dilution from a dissimilar base metal. O. R. 
Carpenter and N. C. Jessen’ present data to the specifying of 
core-wire analysis which will produce a minimum of microdefects 
in deposited 25-20 welds. Anton L. Schaeffler’ has presented 
* “Crack Sensitivity ‘in Chromium-Nickel Stainless Weld Metal,” 
by R. David Thomas, Jr., Metal Progress, vol. 50, 1946, pp. 474-479. 
7™“Some Factors Controlling the Ductility of 25% Cr, 20% Ni 
Weld Deposits,” by O. R. Carpenter and N. C. Jessen, Welding 

Journal, vol. 26, 1947, pp. 727s-740s. 

“Selection of Austenitic Electrodes for Welding Dissimilar 
Metals,” by A. L. Schaeffler, Welding Journal, vol. 26, 1947, pp. 


point. 


structure in dissimilar welds. 


welds are shown in Fig. 13. 


a graphical method for predicting weld-metal composition and 
Slight deviations from the ap- 
plicable technique such as a slower rate of progression, a wider 
weave, higher preheat, or a higher current have been mentioned 
by others as contributing factors to the development of fissures 


LABORATORY Test PROGRAM 


The chemical composition and tensile properties at normal 
* temperature and 1100 F for the test materials are given in Table 
The tensile properties were determined with standard 0.505- 
in-diam specimens, most of the results being the average of two or 
more determinations. 

Tensile test results obtained for 0.505-in-diam 
taken across V-type welds in 6-in. 160-schedule austenitic as- 
semblies are given in Table 4. 

Stress-rupture test results at 1000 and 1100 F temperatures for 
specimens prepared from the austenitic and ferritic pipe meterials 
and cast cylinders are presented in Fig. 12. 
all-weld-metal specimens and specimens taken across V-type 
The cast cylinders for simulating 
valve bodies were 12'/:-in. long with the bore tapering from 
mid-point, the maximum wall thickness of 15/,-in. being at mid- 


Fatigue tests were made at 1100 F temperature of conically 
tapered rotating cantilever specimens prepared from the 160- 
schedule pipes, the austenitic all-weld metals, and of specimens 


specimens 


Similar results for 
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STRESS-RUPTURE TESTS 


24 Cr-IMo PIPE -i60 SCHEDULE 
"18-8 Cb TYPE 347-160 SCHEDULE 
© 18-8Cb CAST CYLINDER 
@ 2§Cr-1Mo CAST CYLINDER 


STRESS 1000 PSI 


FRACTURE -TIME-HOURS 


Fic. 12 Srress-Rupture Tests 


2é4Cr-1Mo) 
25Gr- 20Ni) 


STRESS-RUPTURE TESTS 
ELO 
AL 
a ({'8-8Cb PIPE WELDED TO 18-8 CAST CYLINDER - 160 SCHEDULE 
; SPECIMEN TAKEN TRANSVERSE OF 19-9Cb WELD 


{18°8Cb PPE WELDED TO PIPE-160 SCHEDULE 
(SPECIMEN TAKEN TRANSVERSE OF I9-9Cb WELD 


8 


SPECIMEN STILL UNDER TEST 


=: CHESTING TEMPERATURE 1100°F 


STRESS-I000 PS | 


ETESTING TEMPERATU 


RE 1000°F 


FRACTURE TIME-HOURS 
Fic.-13  Srress-Ruprure Tests 


taken across V-type welds. The weld zone of the latter was 
located in the middle of the test length of the specimen, the 


- critical diameter of the tapered test section being 0.357 in. Re- 


sults of test plotted on a semilogarithmic scale are presented in 
Fig. 14. 


SuMMARY 


F, Thermal-shock tests have been conducted of 6-in. pipe-and- 
valve assemblies representing both type 347 and 2'/, Cr-1 Mo 
steels in 80 and 160 schedules. The nominal pipe-wall thickness 
for 80-schedule pipe is 0.432 in. and for 160-schedule pipe, 0.718 
in. Each assembly contained two valves, one cast and the other 
forged, of similar composition to the pipe material. The 160- 
schedule thermal-shock specimens contained a 36-in. length of 
dissimilar pipe at mid-length, the type 347 austenitic assembly 
being provided with a length of 2'/, Cr-1 Mo steel pipe, and the 
ferritic assembly with a length of type 347 pipe. The joints of 


the austenitic assemblies were of two kinds, namely, 19-9 Cb 
and 25-20 chromium-nickel. Transition-type welds were em- 
ployed between the dissimilar materials in the austenitic as- 
sembly. A V-type joint made with 25-20 electrodes was em- 
ployed between the dissimilar materials in the ferritic assembly. 
Dissimilar pipe sections were not contained in the 80-schedule: 
assemblies. - : 

The thermal-shock tests were designed to simulate the effect 
of carry-over of boiler feedwater into main steam lines operating 
at 900 or 2000 psi pressure, 1050 F temperature. The assemblies 
were shocked by introducing either 60 or 88 Ib of boiler water at 
the saturation temperature along with the flow of superheated 
steam. -Each assembly was subjected to 100. or more shocks. 
Temperature differentials in the pipe walls showed that the maxi- 


mum temperature difference between the inside and outside of . 


the wall was obtained for the ferritic-steel assemblies. More- 
over, the maximum temperature difference occurred in a much 
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shorter time in the case of the ferritic steel. All four thermal- 
shock specimens withstood 100 or more shocks without failure by 
rupture. 

Measurements of the assemblies following the tests showed that 
the ends of the 160-schedule assemblies had been distorted up- 
wardly about 0.10 in. at the inlet end and 0.20 in. to 0.25 in. 
at the outlet end. The rate of decrease in fracture stress with 
time at 1100 F temperature, as shown in Fig. 13, for specimens 
taken across welds joining a section of austenitic-steel pipe and an 
austenitic-steel casting was disconcerting. However, similar 
tests of specimens taken across welds joining two sections of 
austenitic-steel pipe have indicated normal behavior in this re- 
spect. 

Fatigue tests at 1100 F temperature have shown considerable 
superiority for the 18-8 Cb pipe material. The fatigue strength 
for the 19-9 Cb all-weld metal is considerably lower than for the 
pipe material and apparently controls the, fatigue strength of 
specimens taken across 19-9 Cb welds joining sections of pipe. 
Similar specimens taken across welds joining 18-8 Cb pipe to 
atistenitic castings showed lower fatigue strength. Comparable 
fatigue values between 10’ and 10° cycles are indicated for 25-20 
weld metal and 2'/, Cr-1 Mo pipe material at 1100 F temperature. 
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Discussion 


M. L. IRELAND, Jr.* The marine and stationary powe r-plant 
industries are both fortunate to have available the important re- 
sults presented in this paper. 

It is reassuring that the piping materials withstood tests of 
such severity with only the small amount of damage indicated. 
Presumably these tests correspond to the expected number of 
thermal shocks and normal heating and cooling cycles which will 
be received by similar pipe in a service life of 20 years. 

Such tests are of too-short duration to give much indication of 
the effect of long-time exposure under sustained pressure stresses. 
It has been suggested that the reported cracks in the welding 
zone are due to enlargement of microfissures which may have 
been present before the test. 

If this explanation is accepted then does it not appear likely 
that further enlargement will occur during long-time exposure at 
the service temperature, even if the only stresses present are those 
due to interna] pressure? 

In view of this fact, it would appear desirable to perform stress- 
rupture or creep tests on specimens cut from the affected areas 
but at moderate stress levels, corresponding to the operating 
conditions. 

Since this program was initiated, a rational method for cal- 

‘culating temperature gradients in a pipe subjected to thermal 
shock has become available.” However, this method requires use 
of a constant value for the internal surface heat-transfer coefti- 
cient. A value of 1000 Btu hr ft? F was used in these calcula- 
tions since it was expected that surface evaporation would occur. 


* Engineering Department, Technical Division, Newport News 
Shipbuilding and Dry Dock Company, Newport News, Va. Mem. 
ASME. 

10 “Heat Transfer,”” by Max Jakob, John Wiley & Sons, vol. 1, 
1949, p. 270. 
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ROTATING CANTILEVER FATIGUE TEST 
TESTING TEMPERATURE 


PIPE -160 SCHEDULE 
© 18-8@ TYPE 347-160 SCHEDULE 
19°90b ALL WELD 
20 ALL WELO 
@ PIPE WELDED TO 18 ~8Cb PIPE EDULE 
(SPECIMEN TAKEN TRANSVERSE OF 19°9Cb WELD 
a PIPE WELDED TO 18-8 CAST CYLINDER 


SPECIMEN TAKEN TRANSVERSE OF I9-9CbD WELD 


STRESS 1000 PS! 


10° 107 
CYCLES TO FRACTURE 


Fic. 14 Rotating CantTILever Faticve-Test; Testinc TemMpPera- 


TuRE 1100 F 


The following illustrations show how the calculated tempera- 
tures compare with the test values reported in the paper. Fig. 
15 is for the ferritic schedule-160 piping and shows quite good 
agreement except for thermocouples T-3 and T-4. 

The initial difference shown for thermocouple T-4 before start of 
the quench indicates that this element was subject to some error. 
It is possible that this was caused by heat losses due to partial 
exposure. 

Another possibility is that wet superex insulation may have 
been applied over this element and the insulation’ insufficiently 
dried out before testing. The writer has recently employed ther- 
mocouples peened on the outside of a pipe to measure steam 
temperatures and found an error of the same order (25 F) which 
persisted throughout an entire one-day sea trial. Laboratory 
tests showea that about 24 hr at temperature were required to 
dry out the insulation sufficiently to give accurate readings. 

Fig. 16 is a similar comparison of test and calculated values for 
the ferritic schedule-80 piping and shows about the same numeri- 
cal difference but in the opposite direction. 

The test temperatures near the outer wal] are higher than the 

calculated values for schedule-160 pipe, but lower than calculated 
values for schedule-80 pipe. 

Comparisons for the two thicknesses of austenitic piping are 
shown in Figs. 17 and 18. In both these cases the observed tem- 
perature differences across the pipe are very much less than cal- 
culated, and the discrepancy is too great to be ascribed to errors 
in temperature measurement. 

In order to explain this discrepancy the indicated surface heat- 
transmission rates were computed from the test data by summing 
up the pipe-wall temperature changes for any interval of time. 
The surface temperature gradient was assumed to be the dif- 
ference between thermocouple T—Land the saturation temperature. 
The log-mean temperature difference was used for the initial 
phase when the inner pipe-wall temperature was changing rapidly. 
The results of these calculations are shown in Fig. 19. 

These results are considerably different from the assumed sur- 
face heat-transfer coefficient of 1000, and, in general, account for 
the differences 
in the pipe wall. 

However, the differences in test heat-transfer coefficients still 
remain to be accounted for. It appears reasonable to expect 
some delay in establishing the full value of this coefficient, but it is 
difficult to understand why the 18-8 piping should have a much 
slower response and reach lower final values. The rapid drop in 
value for the schedule-80 ferritic piping is also curious. 


between observed and calculated temperatures 
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Fic. 15 THermMat Graptents ror Scuepute-160 2!'/, Cr-1 Mo 
Pipe. Compakison or CatcuLatep VaLues Test Resutts 


It would be helpful to know just how consistent the thermo- 
couple readings were between successive quenches of the same 
piping assembly, as this would indicate what variation is to be ex- 
pected in the heat-transfer curves in Fig. 19. L 

One further item which should be established is the actual 
pipe-wall thickness at the points of temperature measurement. 
It is assumed that the piping was ordered to minimum wall 
specifications, in which case there is a permissible overthickness 
tolerance of 22 per cent. 

It is hoped that this discussion has suggested some further 
lines of inquiry which ultimately will add to the value of the 
test results. 

V. T. Matcotm' anp Stpney Low.'? For many years it has 
been the hope of both the power-plant and refinery design engi- 
-neers that they would have a sufficient amount of information 
with regard to this elusive condition. Due to the lack of knowl- 
edge of the conditions existing in high-temperature steam lines, 
flange joints were gradually abolished and replaced with welded 
joints. 

The selection of materials for service at elevated temperatures 
above 900 F is a complex problem and usually results in a com- 
promise of a number of important design and fabricating features, 
such as the following: : 


"Director of Research, The Chapman Valve Manufacturing 
Company, Indian Orchard, Mass. 
12 Research Engineer, The Chapman Valve Manufacturing Com- 


pany. Jun. ASME. 
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1 Strength and ductility at operating temperatures. 
Resistance to oxidation and scaling.’ 

3 Resistance to corrosive attack. : 

4° Retention of satisfactory mechanical and other 
properties after extended exposure under operating con- 
ditions. 

5 Resistance to thermal stresses in applications in- 
volving intermittent heating and cooling which even- 
tually may cause deformation or cracking. 

. 6 Weldability of the materials. 
7 Structural stability. 

8 Ease of fabrication. 

9 Cost. 


Adequacy of a given design, from a structural standpoint, 
requires that it be strong enough under the anticipated. service 
conditions and that the stress imposed at the operating load and 
temperature be-less than the strength of the material for long 
periods. At the same time, the imposed stress should not be 
much less than the strength of the material at temperature, if the 
design is to be practicable. Therefore all factors must be con- 
sidered individually, especially such factors as consequence of 
failure, economic production, and degree of performance and life 
desired. ‘ 

In the introduction we find that the authors were prompted to 
use the 18-8 chromium-nickel steel for 1050 F service due to the 
fact that it had superior high-temperature properties over the 
ferritic types of steel and would permit the use of thinner and 
lighter pipe at higher pressures. This is common practice 
among many design engineers who have based their designs on, 
weight saving due to better stress values, but this thinking is 
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likely to be misleading because most of the allowable working 
stresses are obtained from 80 per cent of the 1 per cent creep in 
100,000 hr. However, in the analysis of steels; that is, ferritic 
and austenitic steels, we would very likely find that at certain 
stress levels within indicated temperature range, the austenitic 
steels may be deforming at a much more rapid rate than the 
ferritie steels. This condition is a well-known fact in re ne ry 
work where severe overstressing may be encountered. 

In 19333 and in 1938,'4 considerable information was given on 
the behavior of austenitic and ferritic steels at temperatures from 
900 to 1100 F, and service hours up to 48,361 of which 38,921 
had been at 1100 F, Examination of the 18-8 chromium- 
nickel austenitic steel showed that the material deteriorated in 
service due, probably, to the precipitation of chromium carbides 
along the grain boundaries. 
ent-in the austenitic steel.” 


No stabilizing elements were pres- 
There was no evidence of any 
serious reduction in physical properties when operating in steam 
service in the 1000-1100 F range. 

It was also reported that tests of other steels of the low-alloy 
class disclosed no marked change in their properties in this serv- 
ice. Certain tubing and castings were made of a low-alloy, 4-6 
per cent chromium with 1 per cent ‘tungsten. It was reported, 
after a total service of nearly 11,000 hr at 1100 F, that the material 
did not undergo embrittlement,-and that long service at high 
temperatures tended to increase toughness and’ ductility. It 
was also reported thaf “austenitic steel was growing at the aver- 
age rate of 4.4 per cent per 100,000 hr, while alloy tubes were 
growing at a corresponding rate of 5.3 per cent. However, 
measurements of a 4-6 per cent chromium-—tungsten tube after 
service of 7465 hr showed no change in dimensions.” 
dence of thermal shock was reported. 

The authors call attention to the fact that experience has been 
cited which indicates strength deficiencies for austenitic-steel 
castings as well as for welded joints between austenitic pipe and 
castings. It is a well-known fact at the present, time that if the 
composition of austenitic steel is carefully controlled, with respect 
to the chromium and nickel equivalents, strength will not be 
lacking. This same composition balance applies to welded 
joints. 

The writers agree there i is a great difference between the use of 
austenitic steels in the refinery and in the power plant and also * 
agree with the mechanism as brought out by the authors, but bé- 
lieve that mechanical stresses have very little to do with any 
damage that may be incurred, and that it is clearly one of thermal 
stress. However, the great question is how are we to measure 
these thermal stresses when they occur so rapidly and are tran- 
sient in effect rather than a steady change of temperature? 

One of the mistakes made by many people is th: at the *y consider 


No evi- 


This is not 
true because we know that austenite is not thermodynamically 
stable at room temperature, with the result that we are likely to 
have a two-phase alloy, in which one portion is ferrite, while the 
other is undergoing transformation from austenite. 

In the stress calculations the authors have assumed that ha 


the austenitic steels of 18-8 to be single -phase alloys. 


temperature varied linearly between successive readings, as shown 
by Timoshenko’s thermoelastic férmula.'® This assumption, 
however, may not be correet particularly in medium-heavy walls, 
as denoted by a valve where the stationary temperature distri- 

* “High-Temperature-Steam Experience at Detroit,” by P. W. 
Thompson and R. M. Van Duzer, Jr., Trans. ASME, vol. 56, 1934, 


“pr ». 497-506. 


‘ “High-Temperature-Steam Experience at Detroit,” by R. M. 
Van Duzer, Jr., and Arthur McCutchan, Trans. ASME. vol. 61 
1939, pp. 383-398. . 

16 Authors’ reference (3), p. 261. 


bution is no longer a linear function of r and is represented by 
Zquation [239]. 

The tendency of the two types of austenitic weld deposits 
presumably to fissure during stress cycling is quite disturbing in 
view of the large number of similar austenitic 
employed in various types of piping construction. 

Although if the 19-9 Cb weld metal has a calculated ferrite 
content of 10 per cent, coupled with a low C: Si ratid and a low P 
content, it is not improbable that the deposit was fissured prior to 
test. It has been our experience that penetrant-oil inspection of 
weld deposits is only 100 per cent sure if the deposit has been 
finely machined or ground. 


welds currently 


The oil method of inspeetion is 
particularly unsatisfactory when the weld deposit is ground 
manually or rough-machined. Peening of the weld deposits 
also has the effect of closing any fissures present and rendering 
the oil-inspection method ineffectual. These same remarks also 
apply to 25-20 weld deposits which, of course, are even more sus- 
ceptible’to fissuring in the as-deposited condition. The inclusion 
of bend-test results of both the 19-9 Cb and 25-20 welds might 
define more conclusively the quality of the welds. 

It has always been our opinion that fissuring is en a 
high-temperature phenomenon, taking place appreciably above 
the maximum temperature encountered in steam ‘service. The 
mechanism of fissuring is essentially the same as the mechanism 


of hot-tearing encountered in castings. In many cases, the 


formation and the propagation of these fissures may be observed 
during the actual welding operation, as the deposit solidifies be- 
hind the are. This is particularly true of alloys of the 10 Cr- 
20 Ni type and’ certain high-nickel corrosion- and/or heat- 
resistant alloys. be 

If it is true that both the 19-9 Cb and the 25-20 weld deposits 
were fissure-free as deposited, the fact that fissures f6rmed below 
1100 F during thermal eyeling is quite disconcerting. However, 
if macro- (or micro-)° fissures were present prior to thermal cy- 
cling, it is not surprising that they would grow in width and 
length sufficiently to permif their detection by oil inspection (in 
view of the relatively high notch sensitivity of these materials). 

Since the authors observed that fissuring was more severe in 
the 25-20 weld than in the 19-9 Cb weld, would it not be logical to 
presume that a 20-8 Cb deposit would have less (or perhaps no) 
fissures? 

The presence of cracks in the welds of the 160-schedule ferritic 
assembly is somewhat more disconcerting than, those obse rved i in 
the austenitic assemblies. 

Since the authors use .the term fissures with respect to the 
austenitic welds, and cracks With respect to ferritie welds, it is 


presumed that their physical appearance differed, and the 


temperature at which they formed differed. 

It is noted that a minimum preheat temperature of 400 F was 
maintained during welding; this relatively low preheat, coupled 
with a low rate of heat input during the deposition of the first 
pass, conceivably could result in a lew duetility-transformation 
product susceptible to cracking. There have also been reports of 
root cracking using the 10-deg taper ring in a poorly “fitted-up” 
joint. Do the authors conclude that the cracks observed were in 
any way related to the welding pr: ictice, or to the “ingotism’”’ of 
the initial passes? 

On the basis of the S-N curves shown in Fig 14 of the paper, 
and the stress calculations made by the authors, it appears tht 
the various assemblies could be cycled 100,000 times without gny 
fear of actual failure of the welds. Do the authors feel that it is 
safe engineering to extrapolate their cycling test results on the 
basis of the S-N curves? 


16 Author's reference (3), p. 262 


OCTOBER, 1950 


cl 

st 

m 

It is } 

the com] 
The 1 

eylindric 

assumpti 


methods 
cal meth 
and thes 
so far as 
stant he 
case. 1 
would 
results 
factory. 
operat 
under r 
uniforn 
water 
same 1 
transfe 
the cas 
austen 
cient 
, can be 
fact, 2! 
actual! 
The 
* be ap} 
of inst 
tion fi 
of lar; 
mocot 
“ences 
The 
sever: 
temp 
160 s 
. Av 
thern 


T-1: 


the 


' 
( 
sta 
od 
thert 
T-1 
St 
| As 
| well: 
3 in. 
asse 
it W 
18 
Met 
\ 


50 


- STEWART, 


C. T. Evans." Were the welds cracked before the tests were 
started, the cracks not being detectable by conventional meth- 
ods of inspection? 

Were the tests abnormally severe? 7 kad 


@ ‘sd 


Mr. Ireland’s thorough analysis of our results is greatly appre- 
ciated. It is certainly true that it would be desirable to perform 
stress rupture and creep tests on samples cut from the test 
members and particularly from areas which show small cracks. 
It is planned to do this when it is decided that no further tests on 
the complete assemblies will be carried out. 

The method for predicting unsteady-state temperatures in a 
cylindrical shell as referred to in the discussion is based on the 
assumption that the pipe wall is a flat plate. Other approximate 
methods are of course, available, such‘as the graphical or numeri- 
cal method employing finite increments, and the electrical analog, 
and these can employ a variable coefficient of heat transfer. In 
so far as is known here the mathematical method based on a con- 
stant heat-transfer coefficient has not yet been applied to this 
ease. In view of the uncertainty of necessary assumption, it 
would seem that the agreement between the test and calculated 
results indicated in Figs. 15 and 16 of the paper, is quite satis- 
factory. It must be remembered that these are in the nature of 
operating tests, rather than research experiments conducted 
under rigidly uniform conditions. While the test assemblies were 
uniform in arrangement it is possible that the flow of quench 
water, fairly reproducible in any .one setup, was not exactly the 
same in all four. This might possibly account for the surface 
transfer coefficients being lower at the thermocouple positions in 
the case of the austenitic samples. It is also possible that the 
austenitic alloy surface has by nature a lower heat-transfer coeffi- 
cient for the boiling of water."* Figs. 17, 18, and 19 of the paper, 


can be interpreted, in general, by either of these explanations. In 


fact, jf the latter be correct, the ferritic alloy in these tests is 
actually being shocked more severely: than the austenitic alloy. 
The initial temperature drop from T-1 to T—4 can be shown to 
be approximately what would be expected under the conditions 
of insulation at the locstion of the thermocouples, namely, radia- 
tion from the hot pipe to the room, with one intermediate baffle 
of larger size. Thus, it is believed that any errors in the ther- 


mocouples are considerably smaller than the temperature differ- 


ences from T-1 to T-4. 

The general’ shape of the time-temperature curves for the 
several thermocouples were in good agreement. The maximum 
temperature differentials for a number of quenches made on the 
160 schedule austenitic assembly follow: 

. Average maximum temperature difference between T-1 and T-4 
thermocouples for 27 quenches with 60 lb of water when couples 
T-1 and T—4 were recorded simultaneously —180 F, 

Standard deviation—12.6 F. 

Average maximum temperature difference between T-1 and T—4 
thermocouples for 6 quenches with 88 Ib of water when couples 
T-1 and T-4 were recorded simultaneously—179 F, 

Standard deviation—10.8 F. 


As shown in Fig. 3 of the paper, the thermocouples are held in’ 


wells in the pipe wall by means of coil springs. An opening about 
3 in. square was left in the insulation to accommodate the spring 
assembly. Although this opening was a relatively dead air space, 
it would account for some heat loss. The writer’s precaution 
against the use of wet insulating material is well taken. Actually, 


the insulation was in dry block form; first 2 in. of diatomaceous 


17 Chief Metallurgist, Elliott, Company, Jeannette, Pa. 

18“Heat Transmission,” by H. McAdams, second edition, 
McGraw-Hill Book Company, Inc., New York, N. Y., 1933, pp. 
300-304. 
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earth, then 2 in. of 85 per cent magnesia, followed by a seal coat, 
Only the seal coat was put on wet, and, subsequently, this was 
thoroughly dried. 

The pipe watl and depth of the thermocouple wells were 
measured carefully prior to welding. 

The authors wish to thank Messrs. Malcolm and Low for their 
informative discussion of the paper. 

The question was raised as to whether austenitic steels might 
not deform at a more rapid rate than ferritic steels at certain 
stress levels within the indicated temperature range. At certain 
stress levels and temperatures, transition from second-stage to 
very active third-stage creep may occur in austenitic steels even 
after thousands of hours at a fairly constant creep rate. Hence, 
the importance of knowing the time of transition between second- 
and third-stage creep. Yield-strength values at 0.2 per cent off- 
set for the austenitic cast steel at room temperature and 110Q F, 
as shown in Table 3 of the paper, are lower than for the other 
materials. Consequently, highly stressed components of austen- 
itie cast steel would be more likely to deform; and this observa- 
tion is supported by experience. For this reason, and because of 
inferior high-temperature strength of welds adjacent to ‘astings, 
the use of austenitic steel castings is not contemplated for main 
steam lines. The thermal-shock tests produced less distortion in 
the austentitic test assemblies than in the ferritic assemblies, 
However, the assemblies’ were of welded construction and con- 
tained no austenitic cast-steel flanges. Maximum distortion 
occurred in the 80 schedule ferritic assembly. 

Stabilized types of austenitic chromium-nickel steel in lieu of 
similar types containing no stabilizing elements are indicated 
for the service temperatures mentioned by Messrs. Malcolm and 
Low. The steel they refer to as showing deterioration after a long 
time at temperature below 1000 F contained no stabilizing 
elements. 

It is realized that the austenitic steels of the 18-8 type are 
not necessarily single-phase alloys. In fact a reference cited 
in the paper observed that chromium-nickel compositions which 
promote the formation of ferrite are more resistant to fissuring 
than are fully austenitic weld deposits. 

At the outset of the investigation it was considered that thermal 
stresses might be more important than mechanical stresses when 
considering austenitic steel for steam piping for high-pressure, 
high-temperature service. It was with this in mind that the 
thermal-shock assemblies were fabricated and tested, 

In the stress calculations presented in the paper the assump- 
tion was made that the temperature varied linearly between 
successive readings. While this method is not strictly valid, it 
was considered sufficiently accurate for the purpose. 

Messrs. Malcolm and Low remark that the tendency for the 
two types of austenitic weld deposits to presumably fissure during 
stress cycling is quite disturbing in view of the large number of 
similar austenitic welds currently employed in various types of 
piping construction. 

This situation is disturbing to the authors as well. The pres- 
ence of fissures in the welds indicates a serious need for im- 
proved welding procedures and guidance for the welding of high- 
pressure, high-temperature steam piping. This need would not 
appear so conspicuous if the defects had been found only in the 
austenitic welds, for after all, the austenitic material was the 
subject of experiment. The development of similar defects in 
the ferritie welds is cause for serious consideration. This mate- 
rial was included in the test for comparison purposes and its 
suitability for the proposed service was not questioned. It is 
believed that sufficient technical information is available to insure 
sound conventional type welds in these materials provided pains- 
taking control of the entire process is exercised. 


Although oil powder and zyglo methods of inspection failed to 
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reveal fissures before the tests, the defects were probably present 
in an incipient stage. The 19-9 weld deposits showed much less 
tendency toward fissuring than did the 25-20 weld deposits. It 
does not seem unlikely that fissures might be disclosed in austenitic 
welds in service if the surfaces are smoothly finished and carefully 
examined, 

The authors did not intentionally use the term fissure: with 
respect to the austenitic welds and crack with respect to the fer- 
ritic welds. The two terms indicate the same type of defect, 
that is, parting of the metal or a tear. . 

Root cracks observed in the welds are associated with lack of 
fusion at the root which points to undesirable features in the joint 
design. Subsequent experiments have indicated the desirability 
of increasing the root opening from '/s in. to 3/s in. and employing 
a flat, split backing ring in lieu of the backing ring shown in 
Fig. 2 of the paper. It is also indicated that deposition should be 


= 
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OCTOBER, 


stringerwise, the thickness of each stringer not to exceed !/, 

The authors would not advise extrapolating the cycling 
results for the full-scale assemblies on the basis of S-N cur 
obtained for laboratory test specimens. However, they do « 
sider it advisable to continue the testing of the mock-ups at hig 
stress levels until failures are produced. 

In answer to Mr. Evan’s questions: 

The oil powder and zyglo methods of inspection failed to rey 
the surface defects before the tests were started. 

The thermal-shock test of 100 cycles might be considered 
rather severe but not necessarily more severe than might occur 
during the service life of a piping system. The 4000 deflection 
cycles imposed on the mock-ups represent stress conditions pro- 
duced on heating up a piping system every other day for approxi- 
mately 20 years, the maximum allowable stress being 25 per cent ~ 
greater than that permitted by the ASME Boiler Code. 
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Optimum Tube Size 


Tvpe. Heat 
A a | 


for Shell-and-Tube- | 


xchangers 


By F. D. CARDWELL,' NEW YORK, N. Y 


The total annual cost fora shell-and-tube-type heat ex- 
changer, which is the sum of the annual power cost plus 
the fixed charges or annual amortization of the initial cost 
of the equipment, is found to vary sharply with small 
changes in tube size when the heat-transfer rate is held 
constant. Equations are developed reducing the number 
of assumptions to length of tubes and diameter of tubes for 
fixed design conditions such as total flow. rates in shel! 
and tube and required heat-transfer rate. For a selected 
- length as a parameter, then, the total annual cost can be 
calculated for each tube diameter. The optimum tube 
diameter is determined from a graph of these correspond- 
‘ing values which has a well-defined minimum value for 
the total annual cost. A family of these curves,’ each 
having a different length as the parameter, will each have 
a minimum. These minimal values will all be nearly equal. 
Another family of curves with standard tube diameter as 
the parameter will each have a minimum giving the opti- 
mum length for each diameter. Therefore only one con- 
venient parameter need be selected from which the opti- 
mum combination can from a curve. 
heat-transfer-surface area 


be determined 
is now 
known, the number of tubes for this combination follows 


automatically. 


Since the required 


NOMENCLATURE 
The following nomenclature is used in the paper: 


area, sq ft 
area available for flow in each tube, sq ft (see Fig. 2, 
and text) 


surface area for heat transfer based on inside diameter 


of tube, sq ft ’ 
* surface area for heat transfer based on outside diameter 
of tube, sq ft 
total sectional area available for flow in shell outside 
of and parallel to tubes, sq ft 
constant based on fixed design conditions and defined 
in text 
specific heat of fluid in tubes, Btu/(Ib) (deg F) 
specific heat of the fluid in shell, Btu/(Ib) (deg F) 
diameter of circle having an area equal to area A,, ft 
inside diameter of tube; ft - 
outside diameter of tube, ft 
hydraulic diameter, ft 
inside diameter of shell, ft 
friction factor, function of Reynolds number, and used 
in Fanning formula, see text Equation [34] 
mass flow of fluid in tubes, lb/(hr)(sq ft) 
1 Research Engineer, Chemical Construction Corporation. Men. 
ASME. 

Contributed by the Heat Transfer Division and presented at 
the Spring Meeting, Washington, D. C., April 12-14, 1950, of Tuer 
AMERICAN Socrety OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
December 6. 1949. Paper No. 50-——S-6. 


mass flow of fluid in shell, parallel to tubes, Ib/(hr) 
(sq ft) : 
= acceleration due to gravity, 32.16 ft/sec? 
film coefficient of fluid film on inside tube wall based on 
mean bulk temperature of fluid, Btu/(hr) (sq ft) 
(deg F) 
film coefficient of fluid film on outside tube wall based 
on mean bulk temperature of fluid, Btu /(hr) (sq ft) 
length of tube, ft » =e 
number of tubes 
equiangular tube spacing, ft 
total pressure drop for fluid inside tubes, psf 
total heat required to be transferred, Btu per hr 
ratio of tube spacing to outside tube diameter, P/D, 
Reynolds number 
total annual cost, fixed charges plus operating cost, 
dollars 
log-mean temperature difference, corrected for multi- 
pass 
over-all coefficient of heat transfer, Btu/(hr) (sq ft) 
(deg F) 
velocity of fluid in tubes, fps 
= total flow of fluid in tubes, Ib per hr 
total flow of fluid in shell, Ib per hr 
wetted perimeter, ft, used in calculating hydraulic 
diameter 
constant based on design conditions, defined in text 
constant based on design conditions; defined in text 
= constant based on design conditions, defined in text 
constant based on design conditions, defined in text 
viscosity of fluid in tubes, lb/(hr) (ft) 
viscosity of fluid in shell, Ib/(hr)_ (ft) 
= density of fluid in tubes, lb per cu ft . 
= density of fluid in shell, Ib per cu ft 


INTRODUCTION 


Heat-exchanger calculations are based upon (a) design condi- 
tions, i.e., fluid-flow rates, terminal temperatures, thermal prop- 
erties of the fluids and allowable pressure drop; (6) assumptions, 
i.e., heat-transfer-surface area, over-all coefficient of heat trans- 
fer, or size, length, or number of tubes; (c) pressure drop across the 
exchanger. The design conditions are fixed by over-all plant 
design and determine the expected performance of the exchanger. 
The assumptions are more or less arbitrary with the engineer and 
are based upon his personal experience. Trial-and-error calcula- 
tions of film coefficients are ysed to check the assumptions, 
which are also checked by an over-all] heat balance. Finally, the 
pressure drop is calculated and compared with the allowable. 
If the calculated drop is too high, a new set of assumptions is 
made and rechecked as before. 

A set of assumptions which check out and satisfy the design 
conditions may not be the optimum set when fixed charges and 
power costs are considered. Annual fixed charges is that part of 

- the initial cost which is written off each year on the books of the 
owner. The actua] amount written off then depends upon initial 
cost and company policy. In turn the initial cost depends upon 
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7 the heat-transfer-surface area and the prevailing price of steel. 
. Analytically, then, fixed charges are primarily a function of the 
surface area, which includes the prevailing market price, and the 
accounting policy of the owner. The annual power cost depends 
upon pressure drop and local electric-power rates where motor- 
driven blowers are used, or fuel rates where steam-driven blowers 
are used. The total annual cost is the fixed charges plus the 
power cost. The optimum design, then,,is the one that will result 

* im the Jowest total annual cost, and still deliver the required heat- 
transfer rate. 

It is easily seen that a great amount of labor would be involved 
if one attempted to determine the optimum design by using the 
method of assumptions and trial-and-error calculations as outlined. 
* - Fortunately, a method of direct calculation has been found 


whereby the optimum design can be determined definitely in 
about the same time as before. Furthermore, there has been 
found to be not only one optimum design but several; for instance, 
if, say, the length of tube is chosen, an optimum design can be 
quickly determined for that particular length, while if some other 
length of tube is decided upon, the optimum design can be found 
for that length, and so forth,-and when these optimums are 
compared the difference in total annual cost is negligible. There- 
fore the method is quite flexible in that the length of tubes is 
arbitrary and can be chosen independently. This is a great 
convenience since available space may be a factor in the design 
which would limit,the length of the tubes. On the other hand, the 
size of tube may be chosen and the optimum design determined 
7 for that particular tube diameter. The development of this 
method follows. 


Heat TRANSFER 


If we write the Newton formula 


42 
in the form : 
Q of 
Ati 


we have on the left-hand side of Equation [2] the. design condi- 
tions, and on the right-hand side, a product of two variables 
whose respective values depend upon both design conditions and 
: the usual assumptions. These two factors must satisfy the 
equations for film coefficients as well as Equation [2}. 
Let us consider a simple gas-to-gas shell- and- tube-type heat 
- exchanger with turbulent flow. The arrangement includes 
7 ~ fixed tube sheets with two baffles as shown in Fig. 1. Also, to 
make the development as simple as possible, we will neglect. the 
tube-wall resistance and fouling factors. The following develop- 
ment can be worked out for more complicated arrangements but 
this will not be attempted in the present paper, 
Using the well-known resistance concept, we can write for the 
elemental areas dA, and dA, 


A...» 1 
UdA hdA, hdA, 


: _ The elemental areas may both be expressed ii in terms of the ele- 
mental length dL, as follows 
and 7 

dA, 5] 

J 
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Substitution of Equations [4] and [5] in [3] gives upon solving 
for UdA 


Actually, the values of the film coefficients and the over-al! 
coefficient will vary along the length of the tube because the 
bulk temperature of the fluids varies with the length. This 
will result in the variation of the conductivities-and viscosities 
of the fluids upon which values the local coefficient will depend. 

; However, it is reasonably: safe for all practical purposes to use 
values: of film coefficients based on the mean bulk temperatures 
of the fluids. 

Integration of Equation [6] then gives 


UA = — [7] 
A.D, 


Using a mean value of 0.78 for the Prandtl] number, the formula 
for the tube-side film coefficient as given by McAdams is 


0.027 


The mass flow in the tubes, G,, is 

ye 4W, 

2 
and substitution of Equation [9] in [8] gives a 

a 

[10 
where @ = 0.0327 C,; 


We have thus further simplified the formula for the tube-side 
film coefficient to the point where each factor appears only once. 
Furthermore, the fixed design conditions, C,;, 4;, and W, have 
been separated from the usual assumptions N and D,. . 

While formulas for film coefficients for fluids flowing across 
tube banks have been developed to a fair degree of correlation,? 
there is no completely satisfactory formula for the shell-side 
coefficient for the case of numerous baffles. * Therefore the shell- 
side arrangement has been simplified to the point where the fluid 
can be considered flowing parallel to the tubes, Fig. 1. The 
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TypicaL CouNTERFLOW, SHELL-AND-TUBE- 
Type Heat Excuancer Wits Firxep SHEETS 


hydraulic diameter is used as in annular spaces? and is determined 
as follows: 


? “Heat Transmission,’’ by W. H. McAdams, second edition, Mc- 
Graw-Hill Book Company, Inc., New York, N. Y., aad 
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A typical tube-sheet layout with tubes on triangular centers 
is made, using the ntinimum spacing 1.25 tube diameters.? The 
tube sheet,is divided by a series of concentric circles, whose suc- 
cessive radii are 1, 2, 3, ete., tube spacings The maximum 
number of tubes (V) in each circle is then counted. Now if a 
graph of D,/P versus V N is made, where P is the tube spacing 
and D, is the diameter of the circle containing N tubes, a straight 
line will result whose slope is found to be 1.09. The formula then 
18 . 


Equation [12] is a good approximate relationship and will hold 
for tube spacings up to 1.5 tube diameters. Also, since the ratio 
D,/P is dimensionless, Equation [12] will hold for all sizes of 
tubes. The standard deviation for the range, 31 < NV < 1135, is 
1.4 per cent. ~ 
Writing Equation [12] in the form 


[13] 


and by definition 
[14] 


Substitution of Equation [14] in [13] gives 
D, = 1.09RD,WN.......: 


_ The sectional area available for flow parallel to the tubes is 
from the geometry of the tube sheet 


D,* — ND,? 


and substitution of Equation [15] in [16] gives 


aN D,%(1.188 R? — 1) 


The wetted perimeter will be 
WP + D)......:....... 


and substitution of Equation [15] in [18] gives 


WP = «D,(N + 1.09RVN) 


Now, since’ the hydraulic diameter is equal to 4 times the 
, sectional area divided by the wetted perimeter, we can write, 
using Equations [17] and [19] and simplifying 
D,(1.188 R* — 1) 
= {20} 
1 +:1.09 R/ VN 


The mass flow of the shell-side fluid parallel to the tubes will be 
the total flow divided by the sectional area 


7, = R? ] 
° The formula for the shell-side film coefficient is, then, using 
the hydraulic diameter with Equation [8] 
0.027 
h, = [22] 


and substitution of Equations {20] and [21] in [22] gives the 
simplified formula 


’ Standards of Tubular Exchanger Manufacturer's Association. 
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8 
N**D, 1.5 


where | 


(1.188 R? — 1) 


For values of N, ranging from 100 to 1000, and values of R, rang- 
ing from 1.25 to 1.50, the quantity ° 


(1 + 1.09 R/V Ny 


has a maximum variation of only 2.22 per cent. Therefore we 
can safely use the meah value of this quantity, 1.02, in order to 
simplify Equation [24] obtaining 


phd 0.0263 

At this point Equation [25] can be simplified further by choos- 
ing some value for R. Further. for any particular arrangement, 
an optimum value for ® can be found. However, Shepherd‘ has 
shown that an optimum value of R is 1.45. This value will be 
used in our development. Substituting this value in Equation 

(25] we obtain 


As a point of interest at this stage, the inside and outside 
film coefficients can now be compared directly by looking at 
Equations [26] and [11], since the two Equations [10] and [23] 
are identical in form. The ratio of these coefficients is found to 
be, when all other factors are equal 


A smaller value of R or the use of baffles would naturally re- 
duce this ratio to a point where the shell-side film coefficient 
would be as great as or greater than the tube-side film coefficient. 
However, the use of baffles has its limitations in both original 
cost and power cost by increasing the pressure drop on the shell 
side. Then, too, some stagnant areas are caused by baffles 
which reduce the effective heat-transfer area. The question is 
still open and will be neglected in this paper. 

We can now substitute Equations [10] and [23] in [7] obtaining 


JA = 
+ aD,°* (28 ] 
Equation [28] may be written 
UA 3D 
(29) 
and substitution of Equation [2] in [29] gives 
D 0.8 
[30] 


raB AtumL 


0.8 
AtumL 


The heat-transfer-surface area,’ based on the inside tube 


4“A Design Method for Counterflow Shell-and-Tube Heat Ex- 
changers for Gas Turbines,"’ by D. G. Shepherd, presented at the 
Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of Tue 
AMERICAN Soctety oF MecHANICAL ENGINEERS. 

5 In the example the inside surface area is controlling. The log- 
mean surface area could be used but would only complicate the 
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diameter, then becomes from substitution of Equation [31] in 
A, = wD; NL 


A, = + (32 ] 


where 


= — : 
° waB Attu 


+ It will be noted at once that the constant C is a function of the 
design conditions only and, for a given set of design conditions, 
this constant will have to be calculated only once. Moreover, it 
will be noted that the number of tubes N, has been eliminated 
from the final Equation [32]. This reduces the assumptions to 
only two, namely, the length and size of tubes. Of course N can 
always be calculated from Equation [31] for any size and length 
of tubes chosen, but this is supplemental to our method. The 
required area can always be determined directly from Equation 
{32}. 

Since we have eliminated the assumption (V) from our heat- 
transfer calculations, our problem now is to eliminate the same 
assumption from the pressure-drop calculations. There are two 
separate sets of pressure-drop calculations; one set is for the flow 
in the tubes, the other set is for the flow in the shell. For the 
particular design under consideration, the shell-side pressure drop 
is negligible and will not be considered in this paper. 

Where many baffles are used, the shell-side pressure drop is 
quite large and should not be neglected. However, a satisfactory 
method of calculation of shell-side coefficients, where numerous 
baffles are used, has not been developed for general use as of to- 
day. As soon as some reliable method is available, the author 
hopes to extend, this development to include pressure-drop and 
-  hest-transfer calculations for the shell side using any number of 
baffles. 


PRESSURE Drop 


7 The tube-side pressure drop includes the entrance and exit 


losses as well as the friction loss in the tubes. For convenience, - 


all losses will be expressed in pounds per square foot. The fric- 
tion loss in the tubes is found from the well-known Fanning 
formula 


The entrance and exit tube losses are based on the equivalent 
diameter ratio which is determined from the unit area in the head 


exit. From geometry, Fig. 2, this area is 
A, = 0.866 P*..... [35 
but by definition 


and substitution of this value in Equation [35] gives 


A, = 0.866 RD,2................ [37] 
The equivalent diameter corresponding to this area is 
Dy = V/1.108 (38 | 
and the equivalent diameter ratio becomes 
D; 


D, 1.05 RD,’ 


®§ This is not exactly true for some of the tubes next to the shell due 
to the excess area in the head near the shell. However, Equation [35] 
is close enougtt for practical purposes. 


for each tube, which is available for flow at the tube entrance or 


D; D; 
D, 1.52 D, 
Assuming a mean value for D;/D, = 0.881, substitution in 
Equation [40] gives 
0.58 


Thé entrance and exit losses-may now be determined from: the 
coefficients as given by the chart, Fig. 3, and are found to be 


V2 
Entrance loss = 0.20 — ............. [42] 
24 
| 


hic. 2) Typrcat Spacina 
(Shaded area enclosed by hexagon is cross-sectional area in head, 4., availa- 
ble for flow in each tube at entrance and exit.) * 
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and 


The total pres 
Equations [34], 


For Reynolds 1 
4000 to 40,000, 
éxpression 
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and substitutio 
Al 


The velocity in 


Equation [47] 
.In order to obt 
multiply by th 
[47] gives 


The power 1 
per square foot 
tube-side hou 
[49] and [48] 


Power = 


Equation [50] 


and | 
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DC 
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The total pressure drop for the tube-side fluid is, then, from 
Equations [34], [42], and [43] 
ap, = +07) 4) 
29 D; . “see eee ene 


For Reynolds numbers usually encountered in practice of from 
4000 to 40,000, the friction factor f may be calculated from the 
éxpression 


Substitution of the well-known expression for the Reynolds 
number and Equation [9] in Equation [45] gives 


ND.u; 
f = 0.0515 [46] 
W; 
and substitution of Equation [46] in [44] gives 
0.206 LN®:-2 0.2 y2 
AP, = ( 07) [47] 
2g 
The velocity in feet per second may be expressed by 
4W, 


= 3 00 


Equation [47] gives the pressure drop in feet of fluid flowing. 
.In order to obtain this loss in pounds per square foot we simply 
multiply by the density. Then substitution of Equation [48] in 
[47] gives 
0.206 

AP, ( 


The power required is the product of the pressure in pounds 
per square foot times the volume of fluid flowing. Therefore the 
tube-side hourly requirements for power are from Equations 
[49] and [48] 


Power = 


wis (028 LN0-2y,0-2 


+°0.73 (50 
5.J5 x 108 7 ) ] 


Equation [50] can be simplified by letting 


We 
5.15 X 10%p,2 
Ee 
[52] 


Substitution of Equations [51], [52], [30], and [31] in [50] gives 
the final equation for power rate in foot pounds per hour 


+ aD,°*) 
DAC(BD + Dos + 0.73 


Power = 
. [53] 


The entrance and exit losses from nozzle to head are neglected in 
‘the foregoing development, since these losses are independent of 
tube size. Therefore the optimum tube size is not affected. 
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Design ProcepURE 


It is now seen that for a given set of fixed design conditions, 
the required area and power can be calculated directly from 
Equations [33] and [53] with the use of only two variables, 
namely, the length and size of tube. Therefore for any con- 
venient chosen length we can calculate directly a set of 
values ‘of the area and of the power requirements for a range of 
tube sizes. 

Fixed charges on the initial investment and annual power costs 
vary with the type of plant and the location. For example, the 
annual write-off may be, say, 0.75 dollars per square foot per 
year, and the annual power cost may be 30 dollars per horsepower- 
year. In this event, then, the total annual cost will be 


( Power ) 
00 — 

60 X 33,000 

Using Equations [33], [53], and [54], we can calculate and plot 
a curve of total annual cost versus tube size for a particular 
length of tube (see Fig. 4). If desired, curves can be calculated 
and plotted for other lengths, each of which will have a well- 
defined minimum, or if so desired, the optimum length of tubes 
can be determined for a particular size of tube. Fig. 4 has been 
plotted to illustrate the comparison of the minimum total 
annual costs for various optimum sets of tube-length and size 
combinations, The power 
on output of the blower or compressor. 


eost should of course be based 
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Disc ussion of the present paper has been to work with fixed design conditions 
: . over which the designer or manufacturer of the tubular exchange: 
7 G. M. Dustnserre.” It is unfortunate that this paper does _ has no control, and, by the development, to show the effect of th: 
not inelude a bibliography, only three references being given in length of tube as well as the diameter of tube upon the optimum 
; * the footnotes. There is a great deal of previous work along the design. 

- present line. It would be of interest if the author would show the If we neglect the end losses, Equation [54] of the paper may |x 
: advantages of his analysis over earlier ones, especially those easily differentiated and solved for the optimum L/D ratio 
- which use Stanton number and L/D ratio. The author's Fig. 4 Thereupon substitution in Equation [32] will give the optimum 
shows nearly a constant L/D, affected slightly by the entrance area and, subsequently, the optimum over-all heat-transfer c0- 
and exit losses which are ignored in some analyses. : efficient. However, since this is the-subject for a future paper, 

the details will be omitted here. 


, D. G. SHEPHERD.” This paper is nd useful addition to the The value of FR is quite arbitrary, and any convenient value 
scanty literature available on the application of heat-transfer could have been used for the purpose of illustrating the method : 
data to a practical design. To anyone not actively engaged in The Tubular Exchanger Manufacturers Association gives a mini- f 
the heat-transfer field, fhe specific physical data available seem mum value for R of 1.25. ‘The maximum value in practice is 
; overwhelming and, although a considerable amount of correla- around 1.5. If fouling is excessive on the shell side even a larger 
tion has been achieved and presented, the problem of design-  yalue may be used. Mr 
7 ing the optimum form of heat exchanger for a given duty is The only factors affected in the final equations by the R-value ‘i pt 
ids are De ance > exche or iti e s 
formidable Where the performance of the exc hanger critical are the B-value and the numerical constant in Equation [53] which 
with respect to the power loss, then the optimum design requires jn this ease is 0.73. . The variation of the latter figure with 1/R e weil 
2 al-¢ se jnitis , av 
7 a large number of trial-and-error solutions, as initially there isa straight- line relationship and may be represented by = 
may be a choice of crossflow or coynterflow, followed by in- for eva 
numerable choices of tube size, arrangement, and spacing. tiple-tr 
: Such a paper as that of the author is useful in showing how the Sot— R geomet 
7 many variables may be combined to at least direct the calculations o Su, tractio: 
: toward an optimum design for a parti¢ ular de sired result. It is where Fis to be substituted in place of the constant — bn ities eg 
recognized any such be tion [53]. Any suitable R-value may then be used. 
r « 2 re ° . . - w 
of the Ww € e too The effect of R on the 8-value is given by Equation [25]. the Ju 
ve ry uabie to the row does not have a wealth o (0.0263) in Equation [25] isa purely theoretical value and that in 
empirical data and experience at his command. on mu 
, : practice, using an exchanger of the type illustrated, the actual ’ b 
° Inasmuch as the author has used some material from a previous : * ‘ have 
the lather facie! it the value of this constant will be much higher due to the crassflow at 
paper of t 1e writer, the latter feels bound to emphasize the con bo operat- 
tions pertaining to their use. In Equation [25] of the paper, the ing data. : 
; author has substituted an optimum value of R of 1.45, where R 
Furthermore, for the spec rial | case of a gas in the tubes and a 
is the ratid of tube spacing to outside tube diameter. As derived es 
af liquid or condensing vapor in the shell, the tube-side film oeffici- The f 
I ent is controlling and Equation [32] becomes simplified to 
pertaining to a gas-turbine-heat exchanger with equal air and A 
gas-flow rates and was intended to be illustrative only. It seems 
unlikely that this particular value of R has general validity. A, = | | [ — | f= 
Again, in Equation [45], a value of the friction coefficient f . mL a Ali ' g = 
is given as a simple function of Reynolds number, and this too ? an : 
is likely to be valid only for conditions pertaining to a typical Another point to be borne in mind is that the present paper x es 
gas-turbine exchanger with small tubes of a given degree of applies only to a gas-to-gas tubular heat exchanger with tri- K, = 
io. roughness : angular tube spacing. Liquid-to-liquid exchangers or in-line tube K 
- arrangements would require a similar but separate development. on 
. AuTuor’s CLOSURE Equation [45] of the paper is a direct consequence of the Rey- K, = 
Most of the previous work on the economical sizing of atubular "0lds analogy between heat transfer and pressure drop, i.e. , 
heat exchanger has been confined to topics such as the optimum BY? « 119 = Ne = 
velocity in the tubes’ and the optimum ratio of capital charges to » ; ges n= 
power ¢ osts" for a fixed tube diameter and tube pitch. The atm - iis d \ y P= 
College, State College, Pa. Mem. ASME. h; 
Assistant Professor, Heat Power Department, Sibley’ School of C..G V= 
Mechanical Engineering, Cornell University, Ithaca, N. Y. Jun. ltt ny = 
ASME. = 
* “Optimum Operating Conditions for Pipe Heat and Cooling Equip- and h, is defined by Equation [8], using a mean value of 0.78 for - 
a 7 ment,” by W. K. Lewis, J. T. Ward, and E. Voss, Industrial and the Prandtl number. The limitations of Equation [45] of course 
Engineering Chemistry, vol. 16, 1924, pp. 467-468. 2 p= 
7 10The Design of Heat Exchangers,” by K. Niehus, The Brown  ®T€ given In the text, but the application in this range is quite 
Boveri Review, vol. 28, 1941, pp. 228-232. 2 general, Act 
sity. . 
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~ Flow Cross Section With Low Reynolds 
Number Flow in Single iced ; 


By W. M. KAYS,! 


In testing for the flow-friction characteristics of com- 
pact heat-exchanger surfaces concurrent with heat-trans- 
fer tests, more precise data on the flow contraction- and 
expansion-loss coefficients are required than are presently 
available in.the literature. This paper presents a theory 
for evaluating these coefficients for both single- and mul- 
tiple-tube systems for various contraction and expansion 
geometries. The analysis takes into account the con- 
traction and expansion area ratio and the velocity dis- 
tribution. Results of experiment for the Reynolds num- 
ber range 500-20,000 are presented which compare well 
with the analysis. This paper was originally presented at 
the June, 1949, meeting of the Heat Transfer and Fluid 
Mechanics Institute, and included only experimental data 
on multiple-tube systems. Since that time experiments 
have been performed on single-tube systems and these 
later results are presented here. 


NOMENCLATURE 


The following nomenclature is used in the paper 


A = cross-sectional area of flow tube, sq ft 
(. = jet contraction-area ratio, dimensionless _ 
f = Fanning friction factor, dimensionless ‘ 
gy = proportionality factor in Newton’s second law, g = 32.2 
(Ib /#) (ft/sec?) 
K, = contraction-loss coefficient, dimensionless 
K, = expansion-loss coefficient, dimensionless 
K,, = kinetic-energy velocity-distribution coefficient, dimen- 
sionless 
K, = momentum velocity-distribution coefficient, dimension- 
less 
Ny = Reynolds number (4r,Vp/u), dimensionless 
n = number of small tubes in multiple-tube system 
P = static pressure, #/ft? 
r, = flow-tube hydraulic radius, ft 
ro = radius of circular tube 
x,y = co-ordinates perpendicular to direction of flow - 
yo = one half distance between two parallel planes 
A = asaprefix to P, denotes pressure difference 4 
p = density, lb/ft® 


' Acting Instructor of Mechanical Engineering, Stanford Univer- 
sity. Jun. ASME. 

Contributed by the Heat Transfer Division and presented at 
the Spring Meeting, Washington, D. C., April 12-14, 1950, of Tue 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, No- 
vember 9, 1949. Paper No. 50—S-7. 


1067 


Tube Sys stems 


STANFORD, CALIF. 


Changes in 


o = contraction and expansion area ratio, dimensionless 
u = viscosity, lb/(hr ft) 

lb = denoting pounds mass in distinction to 

# = denoting pounds force 


denotes approximately equal 


INTRODUCTION 


There are many flow problems in which it is necessary to 
evaluate the losses of mechanical energy at abrupt changes in 
flow cross section. For incompressible or low Mach number 
flow, these losses are generally evaluated by the use of expansion 
and contraction coefficients K,, and K,, which may be defined as 
follows, using the nomenclature in Fig. 2 


AP V;? 
p (expansion loss) 29 
AP V;? 
P (contraction loss) 2g 


(In all equations P refers to static pressure.) 

The expansion coefficient K,, is generally evaluated from the 
Borda-Carnot equation for the pressure loss at an abrupt 
expansion (which may be derived from momentum considera- 
tions) 


(Va — 


p (expansion loss) 29 


Then 


This equation, expressing A, as a function of the expansion-area 
ratio only, has been verified experimentally for fully turbulent 
flow (Vz > 10,000), by Schutt (1).? 

The contraction coefficient K,, as presented in the literature, is 
strictly empirical. It is also expressed as a function of the con- 
traction-area ratio only. The A, coefficients given in the litera- 
ture are not consistent; for instance, Rouse (2) gives one tabula- 
tion of values, while McAdams (3) gives a curve for K, which 
differs up to 75 per cent from the data of Rouse. 

For most pipe-line problems, the pressure losses at abrupt : 
changes in flow cross section are minor relative to the skin- 
friction losses. Therefore any question as to the validity of the 
idealizations involved in the Borda-Carnot analysis, or from the . 
inconsistency of the data on K,, is of minor importance. How- ; 1 
ever, in testing for the flow-friction characteristics of compact 7 
heat-exchanger surfaces concurrent with heat-transfer tests, q 
the entrance and exit losses may become a significant proportion ‘ 


of the total pressure drop (11). When using a gas, the Reynolds 


2 Numbers i in ee refer to the Bibliography at the end of 
the paper. 
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number range of interest for these compact heat-exchanger sur- 
faces is often from about 500 to 10,000. 
mental verification of the coefficients in the literature was con- 
ducted at much higher Reynolds numbers (1), the assumption 


Since the only experi- 


to question. Likewise there is a question as to their validity 
when applied to complex flow-passage geometries and multiple+ 
tube systems. 

Fig. 1 shows three typical compact heat-exchanger systems, 
all of which include multiple-tube contractions and expansions, 


(b) e 


Fig. | Turee Examp.ces of Heatr-ExcHaNcer 


SysTemMs 


and two of which have flow-tube cross sections very different 
from circular tubes. It is the purpose of this paper to present 
an analytical method for evaluating the expansion and contrac- 
tion coefficients for éssentially incompressible flow in systems: 
of this type as well as for the single-circular-tube contraction and 
expansion system. Equations are derived expressing K, and A, 
as a function of the contraction- and expansion-area ratio and the 
velocity distribution in both the large and small tubes. It is 
shown that for many multiple-tube contractions and expansions 
a simplification of the equations is possible, and the results for 
four different geometries are presented graphically. 

Tests were performed on a single-circular-tube system, a mul- 
tiple circular-tube system, and a multiple-triangular-tube system 
simulating a plate-fin heat-exchanger core similar to that shown 
in Fig. 1. The results of the tests substantially confirm the 
analysis 


ANALYSIS 


Abrupt Expansion Loss. The abrupt expansion system to be 
analyzed is shown in Fig. 2, While attention is 
directed to the flow-tube representation for a single one of the 
smaller tubes, this treatment is general and applies to both 
single- and multiple-tube expansions. The cylindrical tubes may 
he of any cross-section shape. 


section ¢ to d. 


The behavior of this svstem can be predicted using a momen- 
tum-force analysis if the pressure on the downstream face, sec- 
tion c, is known. Nusselt (4) proved experimentally that for 
subsonic flow the pressure on the downstream face is equal to the 
static pressure in the stream just prior toexpansion. Then, using 
Newton’s second law and neglecting wall friction, the summa- 
tion of the forces in the direction of flow can be equated to the 
rate of change of momentum between c and d 
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that these coefficients hold for very low Reynolds numbers is open - 
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P.Ay (3 
The static pressures 1’, and P,, are assumed to be essentially con- 


stant over the flow cross section, a condition confirmed by ex- 
periment, 


, ll iz 
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CONTRACTION AND EXPANSION 


Velocity-distribution coefficient Ay, relates the actual momen- 
tum rate to the momentum rate evaluated from the bulk average 
velocity. Itis greater than unity since the momentum rate is not 
necessarily uniform over the cross section. This coefficient is 
introduced into the analysis as it is more convenient to base tech- 
nical calculations on the bulk average velocity than to integrate 
K, is de- 


AVetJo 


over the cross section for each particular application. 
fined specifically as follows 


Ky, = 


This coefficient is evaluated in a later section as a function of . 


Reynolds number for various flow geometries. 
From Equation [3], and the continuity equation, assuming 
incompressible flow 
AP Ka Vi? 
= (oky 


o*K4,) 


Ideally, if mechanical energy in the flow stream is conserved snd 
if the velocity distribution is uniform 
V2 P. Ve P 
re 4 
29 p 29 


From which 
AP \idest V;? V3? 
p 29 2y 29 a 7 
Then by the definition of AP.),,.) (see Fig. 2) 
V3? 
AP tome) = — AP = (1 — of) — AP 
<9 
Substituting from Equation [5] 
: aP one V;7 Vv 3 
“y 29 


{1 2Ka, 0 + o°(2Ka, 1)] 
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— 
Combining with the definitiow of K,, Equation {1| 
‘ K, = 2Kae + o°(2Ka — 1) 


This expression is perfectly general and applies for either 
single- or multiple-tube expansions. If the velocity distribution 
is uniform, Ky is equal to unity and Equation [6] reduces to the 
Borda-Carnot relation 


a)? 


As wall be shown later, Ay is a function of Reynolds number 
and flow-tube geometry and approaches unity as Reynolds num- 
ber is increased. For many multiple-tube expansions, Reynolds 
number in the large tube is very much greater than in the smaller 
tubes, and it is sufficiently accurate to assume uniform velocity 
distribution in the large tube, or Ay, equal to unity. 
6] ean then be reduced to 


Mquation 


kK, = 1 


This equation has the advantage that, for multiple-tube systems, 
K, can be plotted as a function of « with Np in the smaller tubes 
as a parameter. The error introduced in the use of Equation 
7] rather than Equation [6] is 2¢7(Ku, 1). If this term is of 
sufficient magnitude to warrant its inclusion, it can be added to 
the value of K, taken from a plot of Equation [7]. Ka, can be 
determined from Ng in the larger tube which is related to Nez 
in the smaller tubes, for the circular-tube system, as 


= Une 
Similar expressions may be derived for other geometries. 

Abrupt Contraction Logs. The abrupt contraction system is 
described in Fig. 2 as section a to 3. The flow stream experi- 
ences an initial contraction to A; and then a re-expansion to As. 
The losses of flow-stream mechanical energy occur in the region 
of flow deceleration: near the stagnation point, Fig. 2, in the 
larger tube, and in the region of re-expansion within the smaller 
tubes. The former is of secondary importance, and 
conservation of mechanical energy is assumed in the contraction 
from A; to Az. The jet contraction ratio, C, = A2/Asz, is a func- 
tion of o and is evaluated for certain elementary geometries in a 
later section. Bécause of the nozzlelike flow up to. the “‘throat’”’ 
section, Ag, the velocity distribution at A, is assumed to be es- 
sentially uniform. However, in applying the energy equation 
from A, to A, the nonuniform velocity distribution at A; must 
be taken into consideration by use of a kinetic-energy correction 
factor Ky, similar to the momentum correction factor, Ky. 
With the state of the stream at A; completely determined, the 
losses due to the re-expansion can be determined by a momen- 
tum analysis identical to that used for the abrupt expansion. 
‘The resulting expression for K, for incompressible flow is 


tube, or 


1 — Kea, — 2C 
C2 
where 
A 

K, = — 9 
Equation [8] is applicable to either single- or multiple-tube 


contractions.” However, as was the case for the expansion co- 
efficient, a considerable simplification is possible for many multi- 
ple-tube applications, and K, can be expressed as a function of 
only two variables. Assuming uniform velocity distribution in 


the large tube, and thus K,, = 1.00 4 
1 — 2C. + C.* (2Ka — 1) 
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The difference between Equations [8| and [10] is o7( Ago, 1). 
If the magnitude of this term is sufficient to warrant its inclusion 
it can be subtracted from the value of K, taken from a plot of 
Equation [10]. 

Evaluation of C,, Ky, and K,,. 
of flow acceleration, with the exception of the immediate vicinity 


Since section a to A, is a region 


of the stagnation point, the flow pattern should be fairly well 
approximated by the pattern for an inviscid fluid flowing through 
an orifice. This pattern has been determined analytically for 
two-dimensional flow, and the resulting contraction ratio, C, = 
Ay/ As, is tabulated as a function of o in reference (2), 

According to this reference, C, for the two-dimensional system 
can be used with good approximation for the three-dimensional 
circular-tube system if o for the two-dimensional case is replaced 
by Vo for the three-dimensional case. The extension of this 
coefficient to the multiple-circular-tube system needs justifica- 
tion. It is for the purpose of checking such assumptions that 
these tests were madé¢ on a multiple-circular-tube system. (C, 
as a function of o, from reference (2), is given in Fig. 3 for the two 
circular contraction situa- 
tions which approximate the heat-exchanger core contractions 


dimensional and three-dimensional 
shown in Fig, 1. 

K, may be evaluated from Equation {4}, providing velocity- 
Such data are presented here, 
Fig. 3, for flow in circular tubes, flow between parallel planes (in- 
finitely wide gap), flow in equilateral-triangular tubes, and square 
These are the four geometries to be considered specifically 
in this analysis. 

For laminar flow, the well-known parabolic velocity distribu- 
tion in the circular tube and in the infinitely wide gap yields 
values for K, from the defining Equation {4} of 1.333 and 1.200, 
The laminar-flow velocity distribution for the 
square tube and the triangular tube can be determined by integra- 
tion of the differential equation for laminar flow 


distribution data are known. 


tubes. 
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This integration has been performed by finite-difference meth- 
ods in reference (5) for the square tube, and the resulting value 
for K, from Equation [4] is 1.39. The solution for V is also 
available in algebraic form (6). For an equilateral triangle, an 


algebraic solution for V can be obtained (6). The differential. 
equations for laminar-flow velocity distribution and for the 


stress function for elastic torsion are identical. Consequently, 
the, solution of Saint Venant (6) is applicable 
3 [12] 


C and a are constants which cancel out of the solution for K, 
from Equation [4]. The resulting magnitude of K, is 10/7 = 
1.43. 

For turbulent flow, semiempirical velocity-distribution data are 
available for the circular tube and the infinitely wide gap as a 
function of the friction factor. From reference (2) the modified 


K4rma4n-Prandtl relations are as follows 


For circular tubes 
- 


v= cl (x* — 3zy*) 
| 


For the gap 


Substitution of these expressions into the defining Equation 


[4] yields the following: 
For circular tubes 
K, = 1.09068 (4f) + 0.05884 V/4f + 1........ [13] 


For the gap 


K, = 0.750 (4f) + 0.0240 4f +1....... [14] 


Equations [13] and [14], together with f = 0.049 Np~-?, were 
employed in the preparation of Fig. 3. The friction-factor rela- 
tion for circular tubes was also used as an approximation for the 
. wide-gap geometry. The coefficient 0.049 was used instead of 
the usual 0.046 for ‘“‘smooth” tubes (3), as being more applicable 
to the heat-exchanger surfaces under consideration. 
Also plotted in Fig. 3, are the laminar-flow solutions for K, for 
all four geometries, 
The tubulent flow K, for the square and triangular cross-section 
geometries shown in Fig. 3 were estimated from the fact that 
— ~ 06 


kK 4(circular) 


for both-laminar and turbulent flow. Therefore it was con- 
cluded that the similar ratios 


Kacequare) Kavtriangle) 


1 
- = 1.29 


Kaccireular) 


= 1.17, 


Ka(cireutar) 


determined from the laminar-flow solutions, would also apply as 
an approximation for turbulent flow. 
K,, may be evaluated from its defining Equation [9] employ- 


worked out only for the circular-tube system. For laminar flow, 
K,, = 2.00. For turbulent flow, the following equation obtains 
K,, = —1.735 (4f)'/* + 3.272 (4f) + 0.0883 (4f)'/* + 1.. [15] 


Graphs of K, and K,. Employing Equations [7] and [10], in 
conjunction with the data given in Fig. 3, the expansion and con- 
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ing the velocity-distribution data just given. This has been’ 
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traction coefficients have been evaluated for the four basic flow- 
tube- geometries with multiple expansions and contractions, and 
are presented in Figs. 4, 5, 6, and 7. C, for the two-dimensiona| 
contraction was used for the gap, square, and triangular geome- 
tries, Figs. 5, 6, and 7. Since the fins forming the square tubes, 
Fig. 1(b), are assumed to be very thin, the two-dimensional data 


.arc applicable. For the triangular tubes, however, there may be 


some question as to the validity of this assumption since the fins 
would be expected to interfere to a certain extent with the two- 
dimensional contraction, 

For the single circular tube contraction and expansion, Equa- 
tions [6] and [8] can be used directly. Alternatively, Fig. 4 
can be used in conjunction with the corrections previously indi- 
cated relating the approximate Equations {7} and [10] to [6] and 
[8], respectively. Reynolds number in the large tube is always 
less than Reynolds number jn the small tube so that the velocity 
distribution in the large tube must be taken into consideration. 
An interesting consequence arises here in that the transition 
from laminar to turbulent flow in the two tubes takes place at 
different mass-flow rates. Since there is a large change in K, 
and K,, at this transition (see Fig. 3), two discontinuities in 
K, and K, result, corresponding to the transitions between the 
three possible flow conditions—both tubes laminar, one laminar 
and the other turbulent, and both turbulent. These two dis- 
continuities are confirmed by the tests of a single-circular-tube 
contraction and expansion presented here. ; 

Examination of Figs. 4, 5, 6, and 7 results in the following con- 
clusions for the multiple-tube system: (a) In all cases the effect 
of decreasing Reynolds number is to decrease the expansion co- 
efficient and increase the contraction coefficient, and this effect 
is much more marked for the flow passages with sharp corners 
than for the circular tubes or the infinitely wide gap. (b) In all 
cases there is a large change of magnitude of the coefficients from 
turbulent to laminar flow. (c) It is possible to have a negative 
“loss” coefficient K,, for some cases of high o if Ka, >> Ka, 
as is implied in the use of Equation [7]. This results from the 
fact that K, is defined on the basis of bulk average velocities. 
(d) Even with area ratios of unity (which is approached as a 
limiting case in some types of finned-flat-tube intercooler and 
automobile radiator surfaces), instead of a zero loss coefficient 
as may be superficially expected, it is possible to have a negative 
loss coefficient K,, for the reason given in the foregoing. 

Application to Heat-Exchanger Test Cores. The curves in Fig. 
7 are based on a two-dimensional] contraction and velocity dis- 
tribution in the smaller tubes characteristic of an equilateral-tri- 
angular flow section. These data should apply as a good approxi- 
mation of ‘flow passages such as shown in Fig. 1(c) even if the 
flow passages are narrow isosceles triangles. The velocity-dis- 
tribution coefficient for these passages would not be expected to 
differ markedly from that of an equilateral triangle, and further, 
the fins would offer but slight interference to the two-dimensional 
contraction. Likewise the data in Fig. 6 should apply to ree- 
tangular flow passages such as shown in Fig. 1(b). 

For most multiple-tube heat-exchanger systems, the transi- 
tion from laminar to turbulent flow takes place smoothly over a 
range of Reynolds numbers because of the variations of tube 
geometry inherent in the manufacturing methods employed. 
This transition range can be detected from the heat-transfer 
performance of a test system, and then the expansion and con- 
traction coefficients can be evaluated approximately by con- 
necting the curves for laminar-. and turbulent-flow coefficients 
by a smooth curve over the indicated range. 

These coefficients have been evaluated for continuous non- 
interrupted tubes. For tubes with flow-interrupting louvers, 
as shown in Fig. 1(c), or with other types of discontinuous fins, 
the coefficients would not be expected to vary so markedly with 
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Reynolds number, because marked variations in velocity dis- 
tribution are prevented from occurring. For very short strip 
fins, or pin fins, it is recommended that the coefficients for Np = 
be employed for all Reynolds numbers. 


- EXPERIMENTAL RESULTS 


In order to verify the applicability of the analytically evalu- 
ated expansion and contraction coefficients to actual systems, 
experiments were performed on the following systems: 


1 A single circular-tube contraction and expansion system 
at two contraction and expansion area ratios. 

2 A multiple circular-tube contraction and expansion at 

_ Various area ratios. 

3 A multiple triangular-tube contraction and expansion at 
one area ratio. This geometry is similar to that of a typical 
plate-fin heat-exchanger surface, Fig. 1(c). 

4 Asystem similar to that of item 3 using interrupted, or lou- 
vered fins, Fig. 1(c). 

: Description of Test Apparatus. Water was employed as the 
flow medium for the single circular-tube test system. For the 
multiple-tube test system air was used. Although the analysis 
is based on an incompressibie fluid, the Mach number in the 
tubes did not exceed 0.2, so that compressibility effects were 
small except for several of the test runs of system 3. 

The two test systems consisted of a brass tube cut and flanged 
at the test section so that cores containing the single or multiple 
smaller tubes could be inserted, thus forming an abrupt con- 
traction followed by an abrupt expansion. Sufficient pressure 
taps were provided in both the approach and discharge ducts 
and in the test cores so that static pressure could be determined 
as a function of length, as shown in Fig. 2. 

For the single-tube test system, the water was metered gravi- 
metrically, and static pressures were measured by a bank of 
manometers using carbon tetrachloride under water. Flow 
regulation from a constant-head supply tank was accomplished 
by adjustment of three needle valves in parallel. 
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Fic. 7 ConrTractTion AND EXPANSION COEFFICIENTS FOR MULTIPLE- 
TRIANGULAR-TUBE PLATE-FIN System 
. 
For the multiple-tube test system, the air was metered by a 
standard flat-plate orifice meter using the coefficients of refer- " 
ence (7). Static pressures were measured by a system of in- : 
clined draft gages and vertical single-leg water manometers 
Flow-rate control from an automatic pressure regulator was ac- 
complished by two manually controlled needle valves in parallel. 
The single circular-tube test cores were constructed of brass : 


tubing with four holes drilled and connected by a piezometer ring 
for each static-pressure tap. 
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The multiple-circular-tube test cores were constructed by drill- 
ing 19 tubes through a solid aluminum core. ‘The static pressure 
taps each intersected three of ‘the tubes. .The plate-fin test 
core was built up of brass plates with inserts of fin material. 
The static pressure taps each intersected six flow tubes. 

The pressure losses due to the contraction and expansion were 
evaluated by extrapolating the straight-line pressure variations 
to the point of abrupt change in flow cross section, as shown in 
Fig. 2. 
evaluated from Equations [1] and [2]. 

\ more detailed description of the test systems, the original 
test data, and the method of analysis are contained in references 
(9) and (10). 

Resulis of Tests. Figs. 8 through 13 show the experimentally 
determined expansion and contraction coefficients plotted as a 
function of Reynolds number in the smaller tube, or tubes. De- 
noted by dashed lines are the coefficients as predicted by the pre- 
ceding analysis. 

The results for the single-circular-tube system for one area 
ratio are shown in Figs. 8 and 9. Except for the c¢ontraction 
coefficients K,, at the lowest Reynolds numbers, the agreement 
between analysis and experiment is excellent. The poorer agree- 
ment for A, at low Reynolds numbers is attributa! 
experimental accuracy at low flow rates. The results of these 
tests illustrate clearly the double transition, especially in the 
case of the contraction coefficients where the effect is more pro- 


'e to the ‘poor 


nounced 

Fig. 10 shows the expansion coefficients for four expansion- 
area ratios in the multiple-circular-tube system. Although there 
is a considerable scattering of test points, especially at the lowest 
Reynolds number, where the measured pressure changes were 
only a few hundredths of an inch of water, the analytically 
evaluated coefficients appear to be well substantiated by experi- 
ment. Because of the limitations of pressure-measurement 
accuracy, it was not possible to test at sufficiently low Reynolds 
numbers to substantiate completely the laminar-flow analysis, 
but the trend toward the laminar-flow curve is definitely evi- 
dent. 

Fig. 11 shows the contraction coefficients for two area ratios 
in the multiple-circular-tube system. Here the analytically 
evaluated coefficients are well substantiated for Reynolds num- 
bers above 12,000. The behavior of the experimental coefficients 
at Reynolds numbers below 12,000 is believed to be due to the 
relatively short flow lengths in the test cores. The length-to- 
diameter ratio for these two test cores was 25.5 and 16.0, respec- 
tively, as compared to 100 for the single-circular-tube system. 
In order to evaluate the contraction coefficients it was necessary 
to extrapolate the pressure variation in the test core back to the 
entrance (see Fig. 2), and thus for accurate results, flow charac- 
teristic of long tubes would have to be established fully in at least 
one half the length of the core. It is evident that for the short- 
tube test cores, the fully developed laminar flow would never be 
established, and that fully developed turbulent flow would not 
exist until fairly high Reynolds numbers were reached. 

Fig. 12 shows the results of tests of the plate-fin core with 
plain fins. Here the flow length was again sufficiently long to 
obtain good contraction-coefficient data at low Reynolds number, 
but below Neg = 1000 the experimental accuracy deteriorates 
rapidly. Nevertheless, the laminar-flow coefficients from Fig. 7 
agree with the trend of the experimental results. At Reynolds 
numbers above 6000, both the contraction and expansion co- 
efficients tend to decrease and drop away from the analytically 
evaluated coefficients. Here Mach number > 0.15 and the com- 
pressibility effects become significant. The coefficients A, and 
K., since they are defined for incompressible flow, lose rigorous 
sig iificance for compressible flow. However, it can be demon- 


The contraction and expansion coefficients were then 
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strated on the basis of the data of reference (8) that the com- 
pressibility effect will be to decrease the “apparent” coefficients 
in the manner shown by the experimental results. For Mach : 
number < 0.15, the incompressible-flow treatment applies with 
good accuracy for most applications. 

Fig. 13 shows the results of tests of the plate-fin core with inter-_ 
rupted fins. The very marked variation of the coefficients K, 
and A,, with Reynolds number is no longer evident due to the 
tendency of the louvers to minimize large changes in velocity 
distribution with variations in Vy. The louvers have their great- 
est effect at Reynolds numbers below 2000 where the parabolic 
velocity distribution with a large A, characteristic of laminar flow 
ordinarily would oceur. The failure of the contraction coeffi- 
cients K,, to approach closely the predicted curve (from Fig. 7 
for smooth fins) at the higher Reynolds numbers is probably at- 
tributable to the actual system departure from the postulated 
two-dimensional contraction. This departure may be caused 
by the interference of the fins owing to curvature both in the 
plane of the flow and normal to the flow, 


SUMMARY AND CONCLUSIONS 


The results and conclusions of the foregoing analytical and 
experimental investigation may be summarized as follows: 


1 A theory is developed for the prediction of contraction and 
expansion-loss coefficients for essentially incompressible flow. 

2 The theory for the expansion coefficient is an extension of 
the’ Borda-Carnot analysis allowing for nonuniformity of velocity 
distribution at both the upstream and downstream sections. 

3 The theory for the contraction coefficient is an extension of 
the expansion-coefficient analysis. The loss of mechanical energy 
is considered to take place during the re-expansion after an initial 
contraction to a vena contracta inside the smaller tube, or 
tubes. 

+ The specific application of this theory requires velocity 
distribution data at both sections in question and, for the flow- 
contraction problem, additionally requires the area contraction 
ratio for the vena-contracta section. 

5 The velocity-distribution coefficient can be obtained ana- 
lytically for laminar flow in cylinders. For turbulent flow, data 
are available for application to the circular tube and two-dimen- 
sional flow between parallel planes. 
tubes are treated approximately. 


The square and triangular 


6 Application of the idealized system analysis to geometries 
corresponding to some high-rating heat-exchanger surfaces is in- 
dicated. 

7 Experimental results substantially confirm the predictions 
of the analysis. Discrepancies can be rationalized in terms of the 
departure of test system and idealized system geometries, and 
additionally in terms of experimental accuracies. 


These data have been used to extract friction factors from 
over-all pressure-drop measurements in testing plain plate-fin 
heat-exchanger cores. The fact that in a typical case the friction 
factors are 16 per cent lower for laminar flow and 10 per cent 
lower at Vp = 10,000, when these coefficients are used in place of 
the conventional data, illustrates the necessity for accurate con- 
traction and expansion coefficients for this type of work (11). 
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Heat-Transfer and Flow-Friction Character- 


This paper describes a test apparatus and method of 
analysis used for the accurate determination of the basic 
heat-transfer and flow-friction characteristics of com- 
pact heat-exchanger surfaces. The experimental accu- 
racy is discussed and the results of test of a typical louvered- 
plate-fin heat-exchanger surface are included to illustrate 
the quality of data obtainable. It is hoped that the ex- 
perience presented here may lead to a standardization of 
test methods so that more accurate design data will be 
forthcoming. 


By W. M. KAYS! ano A. L. 


NOMENCLATURE 


English Letter Symbols: 


The following nomenclature is used in the paper: 


A = test-core total air-side heat-transfer area, ft?’ 
A, = test-core free-flow area, ft* 
A, = test-core extended-surface area, ft? 
A, = test-core total steam-side heat-transfer area, ft? 
A,, = test-core direct-surface heat-transfer area, ft? 
Cp = specific heat at constant pressure, Btu/Ib °F 
D, = hydraulic diameter of test duct, ft 
f = Fanning friction factor, dimensionless 
fa = test-duct friction factor, dimensionless 
= test-core mass velocity, lb /(hr ft? of A,) 
q¢ = proportionality factor in Newton’s second law, g = 32.2 
(Ibs/#) (ft/sec*) 
5 h = unit conductance for thermal-convection heat transfer, 
Btu/(hr ft* °F) 
h, = unit conductance for steam-side surface, Btu/(hr ft? °F) 
K, = contraction loss coefficient for flow at heat-exchanger 
entrance, dimensionless 
K, = expansion loss coefficient for flow at heat-exchanger exit, 
dimensionless 
k = unit thermal conductivity, Btu/(hr ft? °F/ft) 
k,, = unit thermal conductivity of wall material, Btu/(hr ft® 
°F /ft) 
- L = total flow length of test core, ft 
l = effective fin length, ft 
: l, = length of test duct between test core and pressure taps, ft 
= wall thickness, ft 
m = V2h/ks, 1/ft 
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Greek Lette: 


A denotes temperature difference or, followed by P, denotes 


My 


Dimensionless Groupings: 


Ng, = Stanton number, (h Ge,), a heat-transfer modulus 
Vp, = Prandtl number, (ue, /k), a fluid-properties modulus 
Nr = Reynolds number, (47,G/x), a flow modulus ° 
Vs.NVp,’/* = generalized heat-transfer grouping. This factor 
versus V, defines heat-transfer characteristics of 
surface 
f = Fanning friction factor. This factor versus Np 
defines friction characteristics of surface 
NTU = number of heat-transfer units, a heat-transfer 


Subscripts: 


O = duct conditions upstream of test core 

1 = conditions at test-core entrance 

2 = conditions at test-core exit 

3 = duct conditions downstream of test core 

s = steam-side conditions 
f = film average conditions 

Miscellaneous: 


Ib denotes pounds mass in distinction to— 
# denoting pounds force 


istics of Some Compact Heat-Exchanger 
Surtaces 
Part 1—Test System and Procedure 


LONDON,? STANFORD, CALIF. 


Until quite recently, the only accurately known basic heat- 
transfer and flow-friction data for application to heat-exchanger 
1075 


pressure, ¢/it? 
flow passage hydraulic radius, ft 
temperature, °R 

temperature, °F 

unit over-all thermal conductance, Btu/(hr °F ft? of 1) 
specific volume, ft*/Ib 
air-mass flow rate, lb/hr 


Symbols: 


pressure difference 
fin-metal thickness, ft 
error in Stanton number determination, per cent 
error in core downstream temperature difference, °F 


temperature effectiveness of fins, dimensionless 
over-all temperature effectiveness of a plate-fin surface, 


dimensionless 


over-all temperature effectiveness of steam-side surface, 


dimensionless 
air density, Ib/ft® 
ratio of free-flow to frontal area of test core, dimensionless 


air viscosity, Ib /(hr ft) 


air viscosity, evaluated at a 
Ib/(Chr ft) 


“film average’’ temperature, 


parameter, (A U we, ) 
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design was for flow through cireular tubes and over banks of tially 
circular tubes. The advent of the gas turbine as a promising ; on the st 
transportation-type prime mover, the development of portable ? of the st 
oxygen plants, and the continued emphasis on small size and light the air-s 
weight in aircraft installations have pointed the need for more = 4 : suffers fri 
compact heat exchangers than dre practicable utilizing these’ because 0 
‘conventional tubular-type surfaces. tions of 
As « matter of definition, the term “compactness” refers to the 


methods 
area-to-volume ratio characteristic of the surface in question, . NTU 
A “compact surface,’ for the purpose of this paper, is one pro- ture meas 
viding more than 75 of transfer area per ft* of core volume. later, ten 
This compares to the approximately 20 ft?/ft® whieh can be § accuracy 
realized from conventional 1-in-diam tubes. NTU gre 
More compact surfaces can usually be realized by the use of cessive 
fins, and higher heat-transfer coefficients can be obtained Fig. 14). 
from surfaces employing various types of boundary-layer inter- ; | 
ruptions. In both cases there are few adequate basic data upon i : Ii] : | NT 
which to base even preliminary designs. ‘ : 
In the design of systems for the exchange of heat between 
liquids, accurate knowledge of the friction characteristics of 


Thus (1. 


llowever 
the heat-transfer surface is relatively unimportant because of the 


low cost of pumping high-density fluids. For low-density 
fluids such as gases, however, the cost of frietion per mass unit 
of flow is greatly multiplied, and thus the friction behavior of 
the surface becomes as important as the heat-transfer behavior. 
This is particularly true for the gas-turbine-plant heat exchang- 
ers--the regenerator and the intercooler, and especially the 
former, where the high-temperature, low-pressure exhaust 
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gases are concerned. 

It is the purpose of this paper to describe a test apparatus and The \ 
tenting technique which are being currently employed for the 
—_— determination of the basic heat-transfer and flow-" 


Big. Tyerean Extenpep-Surrace Piate-Fin Test Core Figs. 2 
r friction characteristics of compact heat-exchanger surfaces in the 


principe 

magnitude of the ratio (./4r,), as is consistent with the require- —— 
ments for aecurate evaluation of the heat-transfer behavior. 

Both transient and steady-state heat-transfer testing tech- 

niques have been used for this type of work. A transient tech- 

nique has been developed in which it is necessary to measure only 


hope that the experience gained in the design and operation of this 
system may be of use to others contemplating similar work. 
_ The design of this test system was based upon experience gained 
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from a similar system at the U.S.N. Engineering Experiment 

the maximum rate of change of temperature of the fluid emerging 

from «an initially uniformly heated core, reference (2). This 

method has the advantage that a relatively large (/4r,) may be 

The heat-transfer characteristics of a surface, for application employed, and thus the entrance and exit effects.can be minimized. 

to fluids, with the exception of the liquid metals, can be ex- A further advantage is that it is not necessary to measure wall 

pressed by the conventional nondimensional relation, temperatures. This 

versus Reynolds number. The friction characteristics can be 


generalized using f (Fanning friction factor) versus Reynolds 
number. Air can be used as a test medium, and the ‘relations 


method is especially .appliecable to the 

determination of the characteristics of-closely packed screens 

and other such surfaces as may find use in the regenerative-type 

heat exchanger. However, until this transient technique is further 

given allow extrapolation to any fluid for which the necessary refined it is believed that the steady-state methods will yield 

properties are known. more accurate data over the useful Vg range for the surfaces 

Since the flow-friction characteristics of a heat-exchanger considered for this project. 

surface, designed for use with gases, are equally as important as 

the heat-transfer behavior, it is obviously desirable for the sake 

of economy to have a test system capable of obtaining both — of air are used. The over-all heat-transfer conductance can be 

4 haracteristics from the same test core. For the compact heat- deduced from the various average terminal temperatures. The 

~ _ exchanger surfaces of interest, it is generally not practicable to — ynit film conductance of one sidg can be deduced from the as- 

_ measure pressures in the actual flow tubes, as can be seen from sumption of equal conductances on both sides. The disadvan- 

a ‘ the typical test core, Fig. 1. Pressures raust be measured in the tages of this method are: (a) Since the air leaving both sides has 

-— dueting leading to and from the test core and the friction factor+ 4 temperature varying over the flow cross section, some kind of 

_ extracted from the total pressure drop by taking into considera- mixer is required. (b) A complicated ducting system is necessary. 

(c) Only surfaces which can be constructed into completely sym- 
metrical test cores can be tested. 


One steady-state method employs a’ crossflow test core for 
which the two fluid sides are identical, and equal mass-flow rates 


tion the flow losses due to the abrupt contraction and expansion 
at the entrance and exit to the core. Since the entrance and 
_ exit-loss coefficients for complex contractions and expansions are 


A much simpler steady-state system, without these dis- 
fot known very accurately, the entrance and exit losses must be 


advantages, uses condensing steam on one side of the test core. 
The steam side is at sensibly uniform temperature with a thermal 

? Numbers in parentheses refer to the Bibliography at the end of "sistance of generally less than 5-10 per cent of that of the air 
the paper. . side. The temperature of the air leaving the test core is essen- 


ape: 
| 
| 


tially uniform over the flow cross section and the type of surface 
on the steam side is not too important. A reasonable estimate 
of the steam-side resistance will suffice to determine accurately 
the air-side unit film conductance. However, this method 
suffers from definite limitations on the magnitude of (L/4r,) 
because of errors introduced into the computed results by limita- 
tions of temperature-measurement accuracy. For all the 
methods described, a dimensionless heat-transfer parameter, 
NTU = AU/wep, is ultimately deduced from air-side tempera- 
ture measurements. For this last method, as. will be shown 
later, temperature-measurement errors will result: in maximun 
accuracy in the over-all conductance, U, if NTU = 1.00: anc 
NTU greater than 3, or less than 0.2, will generally result in ex 
cessive error in even with excellent instrumentation 
Fig. 14). \V7'U is related to (L/4r,) as follows 


i] we, A, Ge, A, Ge, 4r, 


Thus (./4ry) is limited by the magnitude of Stanton number 
However, despite this limitation, this method of testing has bee: 
chosen here because of its relative simplicity. Accurate data are 
obtained by using test cores constructed so that as large « mag: 
nitude of (L/4r_) as possible is employed with NTU <3. Fo 
example, Stanton number for air flow in circular tubes at Vy = 
500 is about 0.010. For an NTU of 3, (L¥4r_) becomes 75 
At higher Reynolds numbers, Stanton number decreases so that 
this limitation applies to the lowest Reynolds number of interest. 


DeEscrRIPTION OF Test APPARATUS 


The various components of the test apparatus are shown it 
Figs. 2 and 3, and diagrammatically in Figs. 4, 5, and 6. The 
principal element is an induced controllable-flow air duct with 
a rectangular test section, in. 9%/, in. The exchanges 
surface under investigation is made into test cores which are 
placed im the test section, Air-side instrumentation is provides 
for metering the air, measuring the change in, air temperature 
through the core, and measuring the air pressure drop. 

A steam system is provided to supply slightly superheatec 
steam to the test core, and instrumentation is provided so that 
the energy loss of the condensing steam may be measured and 
compared to the separately determined energy gain of the air 
This energy balance provides a continuous partial cheek on the 
aceuracy of the instrumentation. 
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hic. 4 Diagram or Test Duct 


(Test section and intake section.) 5 
wee. 
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PIEZOMETER RING 
INSULATED DUCT [2 XI3 IN 
JUNCTION BOX FOR THERMOCOUPLE LEADS 
SELECTOR SWITCH 

BROWN PRECISION INDICATOR POTENTIOMETER 
CORE DOWN STREAM THERMOCOUPLES 

TEST SECTION 

INTAKE AIR THERMOCOUPLE 

AIR DUCT,NOT INSULATED 85X 9.75 IN 
ORAFT GAGES 

AIR ODUCT ENTRANCE SECTION 28x 32.62 IN 
FAN, I6 IN. 

WIRE SCREEN, 16 MESH 

AIR FLOW STRAIGHTENING SECTION 


£ 
| 
2 Test Duct Viewep From Intake Env 
: 
Installed test core and part of steam system.) 
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Stricts the flow symmetrically at the blower intake. W ith this 
intake flow control, no pulsation difficulty has been encountered, 
a. SX) MAIN ON OFF VALVE UR and smooth regulation is possible from wide open to shutoff. An 
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hic. 6 Sream System 


Air System, Figs. 4 and 5. The sheet-metal air duct consists 
of two sections—one rectangular which includes the test section, 
the other circular which includes the air-metering orifice. 

Air is induced through the duct by a centrifugal blower, rated 
5500 cfm at 40 in. of water static pressure. The blower is powered 
by a 3450-rpm induction motor. Flow regulation is accom- 
plished by a manually operated double sliding plate which con- 


‘lagged with 1'/.-in. magnesia insulation plus a double layer of | 


induced-flow system was chosen to avoid the poor velocity- 
distribution characteristic of a forced-draft system. 
Referring to Fig. 4, room-temperature air is induced into the 


_ test duct through a smoothly converging entrance section. ‘A 


16-in. axial-flow fan is placed 40 in. before, the entrance section. 
This fan produces a hollow cone of rotating air which encloses 
the entrance section without blowing directly into it. This 
serves to mix thoroughly the intake air fo a uniform temperature 
in spite of vertical temperature differences of 2-3 F existing in 
the laboratory. Following the entrance, the air passes through 
in “egg-crate”’ straightening section. The ends of the straighten- 
ing section form trim tabs which were used to adjust the flow 
so that the velocity distrilvution at the test section was close to 
uniformity for the test range, 400 to 12,000 lb/hr. The results 
of Pitot-tube traverses, demonstrating this uniformity, are shown 
in Fig. 7. 


The ducting between the entrance and the test section con- 
tains, in addition to the straightening section, two 16-mesh wire 
screens to standardize turbulence, a shielded thermocouple, and 
four pressure taps connected by a piezometer ring. The last 
turbulence screen is 18 in. ahead of the test core. 

The ducting on the downstream side of the test section is 


measurements. The test core is clamped between 1-in-thick— 
plastic insulating flanges at the ends of the ducts. Three © 
shielded thermocouples and four pressure taps connected by a 
piezometer ring are located in the downstream section. The 
final location of the upstream and downstream pressure taps was 
determined by a pressure survey, the results of which are shown | 
in Fig. 8. 
The air next passes through a transition. section and into a 
circular duct lagged with 1'/,-in. magnesia. This duct contains _ 
a straightening section constructed of 1-in. tubing and an air- 
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Fie. 7 Prrot-Tuse Traverses Upstream or Test Core 
metering orifice with vena-contracta taps. Three orifice sizes 
are used in ordef to cover the desired flow range. 
are standard units, constructed and installed in accordance with 
the specifications of reference (3), which also provides the orifice 
coefficients for the flow equation. A shielded thermocouple is 
located downstream. 

Steam System, Fig. 6. Wet steam is generated in a boiler at a 
pressure which can be regulated from 30 to 100 psig. Steam 
enters the regulatory system at boiler pressure. It is strained 
and then passes through a */,-in. automatic regulator where the 
pressure is reduced to between 15 and 30 psig. Most of the 
liquid phase is then removed in a centrifugal separator. The 
essentially dry vapor is further throttled in an air-operated pilot- 
controlled regulator to a pressure of approximately 6 psig, and 
about 10 F of superheat. A small amount of water may be 
injected at this point to provide close control on the desired 3 to 
5F superheat on entry to the top of the test core. This 
small degree of superheat is necessary so that the steam state can 
be fixed by measurements of pressure and temperature only and 
still maintain essentially uniform temperature conditions on the 
steam side. The pilot-operated regulator holds the core steam 
pressure within + 0.1 in. of mercury, and the corresponding 
saturation temperature constant within +0.17 F. 


These meters 


A considerable excess of “‘blow’’ steam is passed through the 
core to prevent the build-up of a thick film of condensate on the 
transfer surface. The blow steam and condensate leave the test 
core via a header at the bottom. 
header assures an even steam distribution over the flow cross 
Pressure taps and thermocouples are located in both 


Copper wool in the inlet 


section. 
headers. : 

Directly below the exit header, the blow steam and condensate 
enter a centrifugal separator, and then the dry blow passes 
through a metering orifice before discharge to the atmosphere. 
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Fic. 8 Pressure oN Erruer Stipe or Test Core 


(This diagram was used to locate piezometer rings.) 


The condensate leaves the system by way of a floating-type 
steam trap and a subcooler where its temperature is reduced to 
approximately 100 F to avoid flashing during weighing. It then 
passes into a bucket where the, flow rate is measured gravi- 
metrically, The entire system is well insulated to minimize 
any extraneous heat transfer. 

Pressure Instrumentation. Instrumentation is provided for 
measuring the test-core air-pressure differential, air-orifice pres- 
sure’ differential, gage pressure upstream of the test core and ori- 
fice, steam-header gage pressures, and the blow-steam orifice 
differential. The air pressures are all measured with vertical 
single-leg-type water manometers or inclined draft gages, and 
the steam pressures with mercury manometers. 

For the steam-pressure manometers, liquid water is used to 
transmit the pressure to the manometer. This connection is 
shown in Fig. 9. Condensation and overflow in these “pots” 
maintain a constant water head on the manometer. 

Temperature Instrumentation, Figs. 10, 11. All temperatures 

are measured with single-junction iron-constantan thermo- 
couples (No. 24 gage wire). The system is designed so that 
temperatures may be estimated to within 0.2 F. Junctions 
are formed by an electrowelding process under oil, producing a 
clean unoxidized bead, approximately '/s. in. diam. 
- The five traversing-type thermocouples in the air stream are 
mounted in radiation shields as shown in Fig. 10. Together 
with the insulated duct wall, the calculated effects of thermo- 
couple radiation are negligible. 

The pencil-type steam-header thermocouples, Fig. 11, are 
sufficiently long, and the test-core walls we!l enough insulated 
so that the effect of steam conduction is negligii'e. 

A reference junction at approximately 80 F is used. It is 
immersed in a bakelite tube filled with mercury, which is in 


turn immersed in a water-filled thermos bottle. The reference- 


ry 
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(These are used to transmit steam pressure to mercury manometefs.) 
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Fig. Sream-System 


junction temperature is obtained from a calibrated standard 
thermometer, 0.2 F divisions, immersed in the same mercury 
well, 

All thermocouple leads are brought into a single zone box 
which is thoroughly insulated, and, in addition, two '/,-in-thick 
«copper plates are placed inside, sandwiching the terminal strip, 
for the purpose of producing an isothermal zone. Copper leads 
then connect the selector switch to an electronic self-balancing 
potentiometer. The potentiometer has a range of 5000 micro- 
volts on a 25-in. scale. The smallest division is 10 microvolts 
and readings may be estimated to +2 microvolts (0.07 F), 
for the single-junction thermocouples. 


TRANSACTIONS OF THE ASME 1950 igs 
r . The temperature which is the most difficult to measure with wm 
f the desired accuracy is the bulk average air temperature leaving ‘(dete 


the test core. Nine-point traverses are made with each of three 
thermocouples, and Fig. 12 shows the temperature variation for 
two widely differing air-flow rates for a typical test core. The 
similarity of the’ temperature variations indicates that they are 
due to nonhomogeneity in the core construction and not to 
instrumentation. The variation from top te bottom can be 
accounted for by the build-up of steam-side resistance. r 

All secondary instruments were calibrated against standard 
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instruments, In addition, three continuous checks are provided 
in the testing procedure, as follows: 


| Since the condensate plus blow steam in the bottom test- 


core header is in the mixed-phase region, its temperature’ can be : : 
determined accurately from the pressure measurement, This : 2 
saturation temperature is checked against the terhperature indi- Equati 
cated by the thermocouple in the bottom header. magnitud 
2 An energy balance has been mentioned previously. . error Occi 
3 The three orifices are checked one against another by over- terminati 
lapping the test air-flow rates and comparing the results. Any which it i 
inconsistency in the flow measurement between orifices will then oe 
show up as jumps in the friction-factor results. 
Heat-T 
oF Test Cores 
superheat 
Fig. 13 specifies the test-core dimensions with the exception of tially cor 
the air-flow length which must be determined separately for each average § 
surface to realize satisfactory accuracy in the determination of ture vari 
both NVs,andf. The equation for evaluating the Stanton number order of ( 
from measurements of steam temperature and air-inlet and outlet over-all ¢ 
temperatures, derived from the combination of an energy * unit film 
balance, and the heat-transfer-rate equation, is equation 
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t,—t A 
Over-all Steam-side Wall Air-side 
(2 resistance resistance resistance resistance 
The second equation results from the approximation, Uo = A. The steam-side unit film conductance, h,, is required, but as the — 


Since A; is always greater than A», temperature-measurement 
errors will have the most pronounced effect on Ay. This effect 
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Fie. 13 


on the Stanton-number determination ean be evaluated by 

treating small errors as differentials. Denoting the per cent 

error in Stanton number as «, and the absolute error in A» as 


e, the following obtains from Equation [2] 
ANTI 


Equation [3] is plotted in Fig. 14 for A, 
magnitudes of error in As. It should be noted that the minimum 
error occurs when \V7'U 1.00. The use of this plot in the de- 
termination of the test-core sir-flow length and the limitations 


which it imposes have already been indicated. 


150 F and various 


TREATMENT OF Data 


Heat-Transfer Calculations. The effect of the small inlet-steam 
superheat on the hot-side temperature is negligible. The essen- 
tially constant steam-side temperature is evaluated from the 
average steam-side saturation pressure (the steam-side tempera- 

ture variation is 0.17 to 0.34 F due to a pressure drop of the 
order of 0.1 to 0.2 in. Hg). Equation [1] is used to evaluate the 
over-all conductance from the test data. From U, the air-side 


unit film conductance h can be extracted using the resistance 
equation 


estimate used is based upon Nusselt’s analysis given in refer- 


to the temperature effectiveness of the fins alone as follows: 


steam-side resistance is generally less than 5-10 per cent of the | 
total, a reasonable estimate of A, is all that is necessary. The — 
ence (4). The other terms in the equation are system constants 
with the exception of ,, the temperature effectiveness of the 
surface (n, 1.00 if there is no extended surface): 9, is related 
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Fic. 14. Error in Stanton Number From Tempena- 


TURE-MEASUREMENT ERRORS 


For fins of constant conduction cross section and convection peri- 
phery 
tanh m/ 


ml 


where m 


V 2h ‘k6, and | is one half the total fin length. For — 
other fin geometries, the information of reference (5) may be 
used. 

All the dry-air properties are taken from reference (6), Np, and 
» are taken as for dry air, but for c, used in N,, as well as the 
density in the flowmetering calculations, an adjustment is made 
for atmospheric humidity. 

Friction-Factor Calculations. The core pressure drop as — 
measured is considered to consist of the following components: 


1 A pressure drop on air-flow entrance to the core, APo-;. 

2 A core-friction and flow-acceleration pressure drop, AP core 
3 A pressure recovery on air-flow exit from the core, AP:—3. — 
4 <A duct-friction term allowing for the 39-in. length of duct 
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from the core discharge section to the downstream location of the 


pressure taps, and the 2-in. length of duct upstream of the core, 
APauct. 
These components are related as follows 


AP = AP, AP ane APauct [5] 
The entrance pressure drop can be expressed, from reference 


(7), as 


The pressure recovery at the core exit is evaluated in a similar 
manner, 


AP,-; = —K, + 


The entrance and exit-loss coefficients, K, and K,, are evalu- 
ated as a function of Nz and the flow-area contraction ratio, using 
the results of analysis and experiment described in reference (7). 
The sum (K, + K,) is considered to be accurate to +10 per cent. 

The small duct loss, neglecting changes in density, is evaluated 
as follows, using a nominal magnitude of f, 


l 2 


The core pressure drop, which includes the desired friction 
factor, is evaluated by integration of the differential form of the 
dynamic equation for flow in a tube 


AP core = 


where 


1 
vt, = 
L 


Term v» can be evaluated if v is known as a function of length. 
This integration is accomplished by using an arithmetic-average 
pressure, since the pressure drop is relatively small, and the 
temperature variation indicated by Equation [1]. 
equation for »,, is 


2 [7 (T: — ny 
(Tim + T'2p2) NTI 


Equations [6], [7], [8], and [9] are then aaa in Equa- 
tion [5] and solved for the friction factor, f. 

Reynolds-N umber Evaluation. A question arises as to the correct 
value of viscosity to use for the Reynolds number (4r,G/z), 
because the temperature, and thus the viscosity, varies with 
flow length and over the cross section. This problem has been 
partially resolved by testing for the friction factors both during 
the heat-transfer tests and by separate isothermal tests. In the 
latter case there is no question as to the correct viscosity. For 
the heating tests, a good correlation for turbulent flow is obtained - 
by assuming a film average a temperature 
halfway between the wall and the arithmetic average of the air 
temperatures. A more rational procedure might be to use the 
arithmetic average of wall and logarithmic-average air tempera- 
tures, but for these tests the difference is negligible. Both the 
heat-transfer and friction results are then presented as a func- 
tion of the “film” average Reynolds number. 


The resulting 


[10] 


viscosity based on 


AccurRAcY AND ERRORS 
No attempt is made to analyze rigorously for all possible 


TRANSACTIONS 


> mation 
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sources of error, but rather to estimate*the magnitude of the 
more important ones and use these for arriving at an over-all 
estimate of the the Vs; Np,?/; and f versus Np 
characteristics. The errors considered are as follows: 


accuracy of 


(a) Errors inherent in the design and performance of the test 
system. 

(b) Instrument ina*curacies. 

(c) Errors introduced by virtue of 
auxiliary data used in the analysis. 
(d) Uncertainties in the determination of the test-core dimen- 
sions. 


Atr-Flow Metering. The air-orifice installation is made 
rigorously in accordance with the specifications of reference (3). 
Using the methads of this reference, the estimated probable error 
in-air-flow metering is +0.7 per cent. The fact that no dis- 
continuity in the test results is noted when orifices are over- 
lapped further justifies the assumption of this small’ probable 
error, especially since the friction factor varies inversely as the 
square of the air-flow rate and is thus particularly sensitive to 
this error. 

Heat-Transfer Results. It is believed that the measurements 
of the critical dimensions of the test cores can be made to +1 per 
cent, The maximum temperature-measurement error ,is intro- 
duced in the determination of the core downstream tempera- 
ture. Although the point temperatures are believed accurate 
to +0.2 F, it is probable that because of variations in tempera- 
ture over the cross section of 2-4 F, Fig. 12, the 27-point 
traverse vields bulk average temperature results to within only 
+0.5 F. 


the 


idealizations and 


The estimated steam-side resistance is an approxi- 
and is probably only ‘accurate to +50 per cent. It 
be noted, Equation [2], that the Stanton-number de- 
termination is virtually independent of the air-flow rate. A 
miscellaneous error of +1 per cent in Stanton number includes 
the effect of nonuniform core-entrance air velocity. According 
to reference (6), Prandtl number is subject to an uncertainty of 
+5 per cent, due primarily to the uncertainty for k for air. 

In summary, Table 1 gives a typical estimation = uncertainties 
in the heat-transfer test results leading to Ng,Np,.” 


should 


TABLE 1 POSSIBLE ERRORS IN HEAT-TRANSFER i 
TEST RESULTS 
-——-Per cent error at-——~ 
Nr = 1000 Nr = 10000 
Temperature and dimension measurements. . = 2.7 * 2.1 
Steam-side resistance estimate............... + 0.6 «= 2.5 
Stanton number..... + 3.0 = 3.4 


Friction Factors. The accuracy of the friction factors will de- 
pend to a certain extent upon the relative importance of the en- 
trance and exit losses in the various test cores. With the pres- 
sure drop measured to +0.5 per cent, a +1 per cent probable 
error in the core dimensions, a +0.7 per cent probable error in the 
air-flow rate, and (K, + K,) accurate to +10 per’ cent, the 
probable error for a typical test core is +5 per cent. 

Reynolds Numbers. A +1.0 per cent error in the test-core di- 
mensions, &@ + 0.7 per cent error in the flow rate, and a further 
+1 per cent error in the air viscosity (from reference 6), indicate 
a probable uncertainty of =1.6 per cent in the Reynolds number 
determination. The temperature upon which the viscosity is 
based is a question of interpretation of results and not of experi- 
mental accuracy. 
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To illustrate the quality of data obtainable from this appara-~ 
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tus, test results for a-typical louvered-plate-fin heat-exchanger 
surface are included here. The dimensions of the surface are 
shown in Fig. 15. Table 2 gives the complete test data for a 
series of runs covering a Reynolds number range, 400-8000, the 
practical range of interest for this surface. The N,N p,’/* given 
here does not include the allowance for steam-side resistance. It 
does, however, include the effect of the temperature effectiveness . 
of the fins, see Equation [4]. Table 3 gives the results for the 
isothermal friction-factor tests. The data of Tables 2 and 3 are 
plotted in Fig. 15. The recommended friction-factor curve is 
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drawn through the isothermal data. The socommended heat- 
transfer curve results from the correction for steam-side re- 
sistance. It should be noted that there is very little scattering 
of test points and that a very good correlation between hot- and 
cold-core friction factors is obtained. The overlapping of the 
flowmeters is evident by the closer spacing of the data points in 
the regions, Vp = 2000 and 4000-5000. The energy balances, 
Table 2, are seen to be mostly on the positive side which is to be 
expected since 100 per cent separation of the condensate from the 
blow steam is not possible and thus some condensate is not 


TABLE 2 HEAT-TRANSFER AND FRICTION DATA—RESULTS FOR A TYPICAL LOUVERED-PLATE-FIN TEST CORE 
— 
Core Prese. Downetreas Core ar Avere. Comvec tion 2 Friction feyn ice’ Energy 

Rup Velocity Humidity Teap. “yO ebe. Temp Seturetion File Cost? (hy Gey) Pr’ Fector Ree © ive. he Ave. (Seay ~ 
Bo. lbe/hr lb oF bd Btu/ (hr Terp. Bulb ‘esp. 

$ ane 67.6 404 33.06 229.0 02598 ee 063) 0.95 
6 en” 300 69.1 405.03 18).7 28.55 229.0 66.6 026% 7 
405.55 183.7 22.80 228.9 41.9 00892 6726 2.0 
nese 86.9 405.79 20.06 228.9 59.2 00606 02762 
12 om 20303 6.9 406 185.9 17.99 229.0 $7.2 0082 02740 

u 206% 0109 07.3 407.54 193.5 228.8 45.3 ao7e uw 
n 2010 01089 69.7 406.78 199.9 228.8 ye) av *1.2 
3009 asne C106 407.87 198.7 5.49 228. 03306 
is 0106 86.2 407.51 22.6 3.89 228.4 ne 03572 3.5 
1” 85.7 407.56 203.2 3.21 228.3 CORN, 2” 2n0 3.4 
22 2509 +0090 61.0 408,30 202.) 3.35 228.5 29.4 216 2277 2.4 
2 aM 8.3 408,32 203.1 2.7% 228.5 28.2 09793 

a 7a) -0109 66.9 407.63 206.7 2.17% 228.9 25.8 1%) 
mle 803 0089 63.5 206.3 2.167 228.5 25.7 vr 19°26 3.8 
2s 408.4) 208 1.78 228.6 23.4 0429 1586 +4.) 
160) m 20090 408.42 209.8 1,505 228.6 22.2 0450) a? 
27 Laat 4.6 408 2.2 1,280 22.3 20.8 124) 
ae laee -0090 408.46 1.068 228.) 19,3 bo lle +4.2 
13 61.2 408 02 278.3 05309 o 1034 
2 Lise $004 0080 65.3 40? 47 2.9 228.5 4.2 05308 98) on +28 
as 009) 63.8 408 28.0 +752 229.6 17.5 880 -1,0 
89.7 405,08 219.9 227.5 15.5 06545 en -2.9 
a2 ‘722.6 uss 29.6 405.88 220.8 46) 227.5 
a 0123 88.9 405.90 222.5 227.6 13.6 $20 
40 67.9 405.90 223.2 227.5 Rw 08557 “) -3,0 


TABLE 3 ISOTHERMAL FRICTION DATA—RESULTS FOR A TYPICAL LOUVERED-PLATE-FIN TEST CORE 


Air Flow Rates tete 
Core Vaes Core AP Press. 
Velocity *H2O "H20 Abs. Temp. Humidity Friction Factor Reynolds' No, 
Run No. lbs/hr lbe/hr ft @ 70°F 70°F °F lbs/hr Re 
1 9888 43180 28.19 405.40 80.3 -00%6 02424 9754 
2 9115 39800 24.24 405.79 80.5 0094 -024,56 2991 
8180 35720 20.00 406,23 80, -0095 02530 8051 
4 7006 30590 15.27 406.73 81.2 02646 6895 
5 6389 27900 12.90 406.98 $1.5 0096 02689 6288 
6100 26640 .79 407.54 80.5 +0101 02708 
6 5634 24600 10.28 407.26 81.6 d 02766 5545 
9 5200 22710 8.83 407.85 80.5 0101 02804 5130 
7 4799 20960 7.70 407.53 81.6 02868 4724 
10 4549 19860 6.99 408.04 80.3 -0101 02925 L486 
3906 17060 5.36 408.22 80.6 -0101 03043 3854 
12 3561 15550 4.58 408 29 80.6 03135 3513 
13 3007 13130 3.40 408.43 80.8 0102 03276 2959 
4 2757 12040 2.92 408.46 81.0 03352 2714 
18 2497 10900 2.469 408.10 76.7 03505 2473 
15 2454 10720 2.389 408 .52 81.1 0100 03473 2416 
19 2262 9878 2.094 408.14 71.3 0087 03623 2241 
16 2240 782 2.048 408 .55 81.1 0100 03582 2205 
20 2021 8825 1.740 408.17 78.0 03786 1998 
17 1981 8651 1.661 408.59 81.3 0100 03730 1950 
21 1797 7847 1.432 408.21 78.3 03965 1777 
22 1643 1175 1.238 408 78.4 04117 1624 
23 1472 6428 1,033 408 78 6 04309 1455 
24 1323 5771 867 408.26 76.8 .0090 04495 1308 
25 1166 5092 408,28 78.9 -0090 04787 1153 
26 1007 4397 565 408.30 79.0 05135 995.5 
27 900.6 3933 478 408.31 79.0 .0090 405467 890.4 
28 828.1 3616 2429 408,32 79.6 0091 05838 816.8 
29 690.1 3014 408.33 79.6 -0091 06489 680.8 
30 618.5 2701 279 408 .33 79.7 0091 06910 610,1 
31 526.8 2300 +225 408.33 79.7 0091 07756 6 
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Fie. 15) Test ror Hear- 
EXCHANGER SURFACE 
Circles denote results with core heating, and crosses denote results of iso 
thermal friction-factor tests.) 


metered, making Qsun < Qair. The negative unbalance at low 
Reynolds numbers (i.e., high V7U) is due to minor deficiencies 
in the steam and condensate system, since errors of this magni- 
tude in the temperature measurements would give ridiculous 
Ns results. Introduction of a separator between the 
desuperheater ,water inlet and the core has eliminated this 
difficulty in later tests. 

This test core was tested previously at the U.S.N. Engineering 
Experiment Station, Annapolis, Md., using a very similar teeh- 
nique to that described here, reference (1), and‘at the Harrison 
Radiator Division, General Motors Corporation, using hot water 
instead of condensing steam on the hot side. Fig. 16 shows a 
comparison of these various data. The Stanford results are 
seen to agree closely with those of USNEES, the difference in 
friction factors being due to the use of different entrance and exit 
coefficients. USNEES did not allow for steam-side resistance. 
If they had, their results would run 0-4 per cent higher than 
shown for Vz 3000-10,000. The maximum spread between all 
curves is less than 10 per cent. i 


SUMMARY AND CONCLUSIONS 


A test apparatus and technique have been described which will 
yield accurate heat-transfer and flow-friction data for compact 
heat-exchanger surfaces. Such data may be used for prelimi- 
nary design of gas-turbine regenerators and intercoolers, aircraft 
heat exchangers, and many other types of systems where opti- 
mum selection of surfaces will pay a premium in performance, 
weight, and shape. These data are not only useful for design 
purposes, but will be used also for a study of-the basic phenomena 
involved in convection heat transfer and flow friction in complex 
How passages. Such studies may lead to improved heat-ex- 
changer surfaces. 

The experience in the design and operation of this system Hras 
indicated that accurate results are obtainable only if the following 
points are given special attention: ‘ 


(a) A method must be provided for controlling the air flow to a 
uniform velocity distribution at the entrance to the test core. 

(b) Air temperatures must be measured at a large number of 
points over the flow cross section on the downstream side of the 
test core. This is preferable to using a single reading of some 
sort of an average temperature, obtained by flow-mixing methods 
or averaging types of thermometric primary elements. These 
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latter methods do not allow a check on one of the basic idealiza- 
tions of the analysis, namely, that of uniform outlet tempera- 
ture. 

(ce) All air-temperature measuring devices must have radiation 
shields, and the duct walls must be insulated to avoid radia- 
tion errors. 

(d) Small temperature-measurement inaccuracies will result in 
excessive error in the heat-transfer results unless the test cores 
are designed to operate in the limited range of NTU, 0.2-3.0. 

(f) Provison must be made for the accurate control of steam 
pressure and steam-inlet state. A water-injection desuperheater 
is satisfactory if care is taken to insure essentially complete 
elimination of the liquid phase before entry into the core. 

(g) Care must be taken ‘to locate the air-pressure taps on the- 
downstream side of the test core at a point allowing the maximum 
pressure recovery. This may amount to 20-30 in. from the core. 

(h) The accuracy of the friction-factor tests should be con- 
sidered in the light of the effect of entrance and exit-flow losses. 
Because of the limitations on V7TU, the extraction of accurate f 
characteristics from the measurement of core pressure drop re- 
quires accurate exit and entrance-flow-loss coefficients. The 
generally used published data are adequate only for Vz > 10,000, 
reference (7). 

(7) A continuous check on the temperature and flow instru- 
ments should be provided in the testing procedure, as by direct 
calibration and energy-balance comparisons, 


The experience presented here may be used as a basis for 
establishing « standard test code for work of this character. 
Such standardization will have the ultimate advantage of raising 
the level of the accuracy of basic design data so urgently needed 
for new applications of existing surfaces or the development of 
new surfaces. 
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Surfaces 
Part 2—Design Data for 1 


a 
New developments in prime-mover and process equip- 
ment have created a greater need for compact heat-trans- 
fer surfaces. This paper presents basic heat-transfer and 
flow-friction design data for thirteen such surfaces which 
may be described generally as the plate-fin type and finned- 
flat-tube type. In addition to the use of the conventional 
nondimensional correlations, the various surfaces are 
compared on heat-transfer coefficient versus flow-friction- 
horsepower basis. Paper No. 49—A-95. 


NOMENCLATURE Boer 


The following nomenclature is used in this paper: 


English Letter Symbols: 


A = transfer area, ft? 
A, = free-flow area,.ft* 
A,, = frontal area, ft* q 
a = plate thickness for the plate-fin surface, ft 
b = plate spacing, in., ft 
cp = specific heat at constant pressure, Btu/(Ib °F) 
Ewa = friction power evaluated at certain standard gas proper- 
ties (see caption Fig. 9), hp/(ft® of A) 
f = Fanning friction factor, dimensionless 
G = mass velocity based on A,, Ib/(hr ft? of A,) 


h = unit conductance for thermal convection heat transfer, 
Btu/(hr ft? °F) 


hea = unit conductance evaluated at certain standard gas 
properties (see caption Fig. 9), Btu/(hr ft? °F) 
K, = contraction loss coefficient for air flow at test-core en- 
trance, dimensionless 
K, = expansion-loss coefficient for air flow at test-core exit, 
dimensionless 
k = thermal conductivity, Btu/(hr ft? °F/ft) 
L = exchanger or test-core flow length, ft, in. " 
1 = louver spacing, ft, in. 
‘Tx = flow passage hydraulic radius based on free-flow area, 
A,, (see Equation [1)]), ft 
V = exchanger total volume, ft® ; 
Greek Letter Symbols: 
a = ratio of total transfer area of one side of exchanger to total 
volume of exchanger, ft?/ft® 
8 = ratio of total transfer area of one side of exchanger to vol- 
ume between plates of that side, ft?/ft* 
p gas density, lb/ft* 
¢ = ratio of free flow to frontal area, dimensionless 


u = gas viscosity, evaluated at bulk 
Ib/(hr ft) 
gas viscosity, evaluated at film 


Ib/(hr ft) 


Dimensionless Groupings: 


average temperature, 


average temperature, 


Ng, = Stanton’s number, (h Ge,), 
lus 


a heat-transfer modu- 
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Np, = Prandtl’s number, (u,c,/k), a fluid-properties 
Pr p } } 
modulus evaluated at film average temperature 


= generalized heat-transfer grouping; this factor 
versus pz defines heat-transfer characteristics of 
surface 

NTU = number of heat-transfer units for an exchanger 
Nr = Reynolds number, (4r,G/u), a flow modulus char- 
acterizing type of flow 
Nr, = (4r,G/u,), a tube-type-flow Reynolds number 
Na, = (lG/u), a flat-plate-type-flow Reynolds number 
: f = Fanning friction factor based on ry; f — Np plot 
7 ¢ defines friction characteristies of surface 


INTRODUCTION 


The advent of the gas turbine as a promising transportation- 
type prime mover, the development of portable oxygen plants, 
and the continued emphasis on reduced size and weight in aircraft 
installations have served as strong stimuli to the development 
and application of lightweight compact heat-transfer surfaces. 

As a matter of definition, the term compactness refers to the 
transfer area-to-volume ratio characteristic of the surface in ques- 
tion. 
providing more than 75 sq ft of transfer area per cu ft of core vol- 
ume. This compares to the approximately 20 ft?/ft®? which can 
be realized at best from 1-in-diam tubes in a shell-and-tube-type 


A compact surface, for the purposes of this paper, is one 


construction, 

For many heat-exchanger applications, particularly those em- 
ploying liquids, an accurate knowledge is not required for the 
friction characteristics of the surface. However, for low-density 
fluids such as gases, the cost of friction per unit of mass flow is 
greatly multiplied, and the frictional characteristics of the surface 
The flow- 
friction consideration is particularly important for gas-turbine- 
plant heat exchangers—the regenerator and the intercooler. 

The purpose of this paper is to present basic heat-transfer and 
flow-friction design data for thirteen compact surfaces. These 
surfaces may prove to be useful in the gas-turbine and other ap- 
plications where careful design will pay a premium in compactness 
and performance. Heretofore new applications have been in- 
hibited by the lack of availability of such data. 


are of equal significance as the heat-transfer behavior. 


DESCRIPTION OF SURFACES 


In part, the data presented here supplement the information 
given in reference (1).!_ This reference reports the characteristics 
of seven variations of a plate-fin type of extended surface which 
has been extensively used in the supercharged aircraft-engine in- 
tercooler application. The general features of this surface are 
described in Fig. 1, which also shows the eight plate-fin surfaces 
considered in this paper. The scheme of designating the different 
surfaces in this illustration may be inferred from the following ex- 


1! Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Fic. 1 Description or PLate-Fin-Type Surrac 
(See Tables 1 and 3 for further geometrical data.) » 7 


planation for the */s-8.7 surface. This surface has 8.7 fins per in. 
and the fin louvers are spaced 3/5 in. ; 

Two of these variations—designated as plain fins 11.1 and 
louvered fins */s-11.1— were reported previously (1). They were 
retested and their characteristics reported here for comparative 
purposes. 

Four of the eight plate-fin surfaces described in Fig. 1 provide a 
systematic variation of fin spacing for the plain-fin type as indi- 

eated in Table 1. The surface designated */3.-12.22, Fig. 1, 
Table 1, is representative of the plate-louvered-fin type with a 
very short fin-flow length. Although the so-called plain-fin sur- 
face cores were designed for the study of the characteristics of an 
uninterrupted fin, manufacturing methods required that the fin 
material be cut in 2.5-in. strips. 


may be considered as a louvered surface with a louver spacing of 
2.5 in. 
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2 The 
Fig. 2 and Table 1 describe five fin-flatetube-type surfaces use- the follow 
ful for gas-to-liquid heat transfer such as the automobile radiator, 
or the water-cooled intercooler of a gas-turbine plant, or a’ gas- 
turbine regenerator if a suitable intermediate hest-transfer fluid, 
such as a liquid metal, can be developed. 

The surface designated 11.37—.737-8-R has 11.37 fins per in., 
flat tubes 0.737 in. wide, the tubes are staggered (S) and the fins 
are ruffled (R). The significance of the other designations may 
be inferred from the foregoing. 


For the ¢ 
the plate 
sides mus 

3 Th 
for one s 
and 2 to 
to both + 


The five variations considered 
here allow a study of the effects of staggered versus in-line 
tubes, ruffled versus plain fins, and staggered tubes combined with 
ruffled fins versus in-line tubes and plain fins. Also, the compari- 
sons of 9.29-.737-S-R and 11.32-.737-S-R at least suggest the 
influence of fin spacing on a staggered-tube and ruffled-fin design. 

Table 1, together with the description of Figs. 1 and 2, provides 
all the detailed geometrical information required for applica- 


tions to heat-exchanger design. For all of these surfaces the ~ 
hydraulic radius is defined relative to the flow dimension L, as 
Ty A, 
L 
= = 
For cylindrical tubes of any cross-section geometry, Le., the - = 


plate-fin surface, this definition reduces to the conventional result, 
ry equals the flow cross section divided by the wetted perimeter, 


rABLE | GEROMETRY OF THE DIFFERENT SURFACES 
. (Volume be- Area Free flow _ 
. Surface Hydraulic ra- Plate spac; Tube or fin Extended tween plates) Core volume Frontal area — The sal 
| . designation Fins per in. dius, rH, ft ing, 6, in. thickness, in. Total area 8, ft? /ft* a, ft?/ft® 
Plate-fin type subseri 
3 5.3 0.00504 0. 156 
11.1 111 0.00253 0.2 334 I 
14.77 14.77 9.00212 0.33 369 
19.86 0.001495 0.2 455 The 
Louvered fins e 
1/5 6.06 6.06 0.00365 239  siderat 
8.7 0.00299 0.2 288 (3). ¢ 
-11.1 11.1 0.00253 0.2! «339 
12.22 0.002941 0. 302 for the 
Fin-flat-tube type: 
9. 68-0. 870 9.68 0.00295 229 0.697 The 
9. 68-0.870-R 9.68 0.00295 229 0.697 tranah 
9.1-0.737-8 9.10 0.00345 224 0.788 
929-0. 737-8-R 9.29 0.00338 228 0.788 data s 
11.32-0.737-S-R : 0.00288 ¢ 270 0.780 
4 = 


( --0035" +0055" SSG 
060° 0.055" 0.436 ji 
SURFACE 9.68- 870 
| 24.7 0330+ SURFACE %- 8.7 


For other surfaces, however, where flow cross-section area and 
perimeter are variable along the flow dimension, as, for instance, 
the finned-flat-tube type, the definition Equation [1] is necessary. 

This definition is more readily usable in heat-exchanger design. 
As an ‘illustration, the nondimensional exchanger size factor di- 
rectly relating to the exchanger heat-transfer effectiveness (2), is 


the “number of heat-transfer units” 
U A | 
NTU = — = - 

Ge, A, Ge, 'y 


where the flow mass velocity G is based on the minimum flow 
cross section, A,. The Ge,A, product has the significance of 
flow stream-capacity rate. 

To facilitate extension of the test results reported here to heat- 
exchanger-design calculations, the interrelations of the surface 
The heat- 
one for each fluid side 
except for the case of the periodic- flow-type exchanger, such as the 
common Ljungstrém air preheater. 

1 The following geometrical factors are given in Table 1 for 
each surface reported here as part of the basic data — 


and the core geometrical factors are summarized. 
exchanger core consists of two surfaces 


b, ry, and 8 for the plate-fin type 
ry, a, and @ for the fin-flat-tube type 


2 The solution for a particular heat-exchanger core requires 
. the following factors tor each of the two sides 


L,and¢ 


jn 


In the case of 
the plate-fin surface, the plate thickness (a, ft) between the two 
sides must be specified as an independent variable. 

3 The foregoing surface and core factors are related as follows 
for one side of the exchanger: Subscript | refers to any one side— 
and 2 to the other side. 


For the complete core, Vo and @ are also required. 


Factors without subscripts are common 
to both sides, - 


by + bo + 2a 


( ra ) = (Arg): | 


(plate-fin surface only) 


a, = * (plate-fin surface only) 
by + be + 2a 


(2x) 
> = = 
The same relations of course apply to side 2 with an exchange of 
subscripts 1 for 2 and 2 for 1. 

EXPERIMENTAL Meruop aNp Accuracy or RESULTS 


The test arrangement, method of analyzing the data, and a con- 
| sideration of errors are covered in considerable detail in reference 


(3). Consequently, only « brief summary will be presented here 

for the sake of completeness. 
| The test system provided for condensing steam to air heat 
| transfer with air flow on the surface of interest. The direct test 
— data allowed determination of the over-all heat-transfer coeffi- 
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he 


The 
in. 


cient-steam to air, and the air-side-core pressure drop. 
test-core dimensions were all of approximately 8* /, 
frontal area and 5 in. in the flow length on the air side. 
the steam-side condensate-film resistance permitted the evalua- 
tion of the average unit conductance for thermal convection on 
the air side. 


Allowance for the ineffectiveness of the extended surtace 


The friction factor was extracted from the core- 
pressure-drop data by allowing tor entrance and exit flow-stream 
mechanical-energy losses (4), and for flow acceleration accom- 
panying density changes due to both pressure and temperature 
variations along the flow length. Friction faetors were deter- 
mined from isothermal tests and also for runs with core heating. 
Fig. 5 for the plate-louvered-tin surface */s.-12.22 is typical 
of the consistency of the test results for all the surfaces tested, 
The recommended friction-factor curve is based upon the data « 
for the isothermal runs. The recommended heat-transfer fac- 
tor (h Ge,) 


The difference represents the allowance for steam-side resistance. 


versus Nx, curve falls above the test points, 


The method used here was to fair a curve through the data points 
shown, and then evaluate the steam-side resistance for several 
test Reynolds numbers over the range to determine the correc- 
tion to the faired curve to obtain the recommended curve. 

The test data allowed energy balances to be made, and the av- 
erage deviation for the series of tests applying to any one surface 
was usually less than 3 per cent. The one exception was for the 
low-Reynolds-number runs for the 5.3 plain-fin surface where, 
due to faulty operation of the condensate weighing system, poor 
balances were obtained. However, the air-side data used in the 
caleulations of results are believed to be accurate. An analysis 
of errors similar in detail to that given in reference (3), indicates 
that the probable errors for the basic results presented here are 
less than the following indicated magnitudes: 


Nr, * 2 per cent 7 per cent for plain-plate-fin 
type 
Ny, * 3.5 per cent f * 5 per cent for louvered-plate- 
: fin type 
Np, + 5 per cent f » 2 per cent for finned-tlat-tube 


type 


Ng No,“ 


r 


The difference in the estimated errors for the friction factors re-- 

flects the relative contribution of the entrance and exit 
losses to the over-all pressure drop. The properties of air—vis- ; 
used in generalizing the test results to a non- 


* 5 per cent 


cosity « and Np, 
dimensional form were obtained from reference (5). 


Basic Heat-TRANSFER AND DestGn Dara 
The heat-transfer and flow-friction characteristies of the vari 
ous surfaces are presented as follows: 


1 Figs. 3, 4, and 5 give the nondimensional correlation of fric 
tion factor f, and heat-transfer modulus, Vs,Np,', versus Rey 
nolds number, Vx,, for the eight variations of the plate-fin type of 
surface, Fig. 6 gives the same correlations for the finned-flat- 
In every case here the Reynolds number is based on 


tube type. 
the flow hydraulic-diameter dimension defined by Equation [1 }. 

2 In contrast to the foregoing comparison, Figs. 7 and 8 pre- 
sent the correlations employing a Reynolds pumber, Vey, based 


upon an uninterrupted flow length, or louver spacing, for the 
eight plate-fin surfaces, 
3. Fig. 9 compares the plate-fin surfaces on a heat-transfer 
versus friction-power basis (1). However, unlike reference (1), 
the basis selected, instead of being per unit transfer area, is per 
unit of volume between plates, (Asa8) versus (2aa8). The gas 
properties used as a reference in this comparison correspond to 


air at | atm pressure and 500 F. These properties are given in 


| 
? 
one 
ti 
| 
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(Nondimensional heat-transfer and friction characteristics on a tube-type 
NR basis; data points illustrate the typical consistency of test results; see 
Fig. 1, and Tables 1 and 3 for geometrical data.) 


the caption of Fig. 9. Equations [6] give the extrapolation for 
7 fluid properties differing from the reference conditions. 

4 Fig. 10 gives a similar comparison for the finned-flat-tube- 
type surfaces. Here, however, the total core volume rather than 
volume on one side only is used, (Astaw) versus (Ls). 

5 The co-ordinates and f versus Nr, of the recom- 
mended curves are summarized in tabular form, Table 2, for all 
surfaces 


To avoid confusion, test-data points are given only for the 

* » 12.22 louvered-plate-fin surface. The test data for the ap- 

oo 30 heat-transfer and 30 isothermal runs per surface 
available elsewhere (6, 7, 8, 9). 


DISCUSSION AND COMPARISON OF SURFACES 
Plain-Plate-Fin Surfaces, Fig. 1. The illustrations in Fig. i 
describe the roughly triangular-tube flow cross sections common 
to all of these surfaces. Therefore, as for the case of circular-tube 


flow, it may well be that a single correlation for heat-tr: ansfe ‘rand 


Fic. 4 Lovuverep-Piate-Fin Surraces Wirn */s-In. Louver 
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(Nondimensional heat-transfer and friction characteristics compared on a 
tube-type Reynolds number basis; see Fig. 1, and Tables 1 and 3 for geomet- 
rical data.) 
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(Nondimensional heat-transfer and friction characteristics compased ona 
tube type NR basis. Comparable characteristics of 19.86 plain-fin surface 
are also shown; see Fig. 2, and Table 1 for geometrical data.) 


another for friction characteristics would apply for a range of 
plate and fin spacings. The data in Fig. 3 are not cempletely 
conclusive in this respect for the following reasons: 


1 Manufacturing methods required that the test cores be 
constructed with a fin sheet material only 2.5 in. in flow length, 
resulting in the varying //4ry, magnitudes summarized in Table 
3, ranging from only 10.3 for the 5.3 fins per in. surface to 35 for 
the 19.86 fins per in. Surface. 

2 Each of the four test cores had a total air-flow length of only 
Sin. The effect of abrupt flow contraction at the entrance to the 
core will partially influence the heat-transfer and friction char- 
acteristics’ some distance downstream. Only for the 19.86 sur- 
face, with a core-air-flow length of 70 hydraulic diam, is this di- 
mension considered to be great enough to yield data accurately 
descriptive of the long flow lengths that will be encountered in ap- 
plications. . 
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(Dimensions are [Btu/hr, °F ]/ft* of volume for ordinate and hp ft® of volume for abscissa. 
Standard or reference fluid properties are petd 0.0413 Ib/ft®, used = 0.0678 lb/hr ft, cp(std) 
= 0.2477 Btu/(Ib °F), NPr(std) = 0.671, corresponding to air at 1 atm pressure and 500 
deg F. See Equations [6] for eutupeiation to other conditions.) 
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3 The aluminum furnace brazing technique of core construe- 
tion produced filleted corners and a somewhat roughened surface. 


Fig. 3, which brings out the similarities to tubelike flow, em- 
ploys a Reynolds-number abscissa based on the flow hydraulic- 
diameter. In contrast, Fig. 7, using an Nz based on the fin flow- 
length dimension |, emphasizes the similarities to flow over a flat 
plate. 

The results, with the exception of those for the 5.3 surface for 
heat transfer, correlate quite well on a tube-type Reynolds-num- 
ber basis (within 12 per cent for heat transfer and 18 per cent for 


friction). A transition -from laminar to turbulent flow in the 
approximate range 1200 < Vx, < 2500 is common to all four sur- 
faces. 


The foregoing considerations suggest that the f and Vy, Vp, 
versus Nx, characteristics of the 19.86 surface are the best single 
set of correlations to use for «a variety of fin and plate spacings 
within the follow restrictions: (a) Fin spacing 7-25 fins per in.; 
(b) l/4ry > 25; (ce) plate-to-fin spacing 2.5-5; (d) the core flow 
length to hydraulic diameter greater than 50. 

In distinction to the previous tube-flow-basie comparison, con- 
sider Fig. 7 which emphasizes the similarities to ‘flat-plate flow. 
The flat-plate heat-transfer characteristics were derived from . 
the friction-factor using the .friction-heat transfer 
analogy 


behavior 
NaNp, f/2 

With respect to heat transfer, only in the fully developed turbu- 
lent-boundary-layer flow, Vx, > 50,000, does close similarity ex- 
ist between the four surfaces and the flat-plate characte: istic. 
Unlike the tube-flow comparison in Fig. 3, the different surfaces 
exhibit transition flow at differing Reynolds numbers, Vx, and 
do not correlate at all with each other in the laminar-boundary- 
layer-flow regions. 

The excellent agreement of the 5 
of the flat-plate-flow system, especially with respect to heat trans- 
Evidently, because of the wide fin spacing and 


.3 surface behavior with that 


fer, is significant. 
small l/4r,, a fin has a relatively minor effect on the flow over 
neighboring fin with the resulting similarity to flat-plate flow. 

The foregoing discussion is of restricted generality because of 
various factors not under experimental control, primarily the un- 
interrupted ‘flow length /, and the surface roughness. “A more 
complete understanding of the behavior of these surfaces will re- 
quire the testing of additional cores of a fixed //4ry on the order 
of magnitude of 35 to 50. : 

Louvered-Plate-Fin Surfaces Fig The average thickness of 
the laminar sublayer is reduced by interrupting the fin surface 
with louvers (1). Consequently, the resistance to thermal con-° 
vection: heat transfer is decreased and the film coefficient A, in- 


spacings from 5 to 15 fins per in., 


While the friction factor f is also made larger by this 
expedient, it is often possible to operate with a smaller friction 
power expenditure as compared to the plain-fin surface, since 
lower flow velocities may be used. 


creased. 


The interpretation of the behavior of the louvered surfaces in 
terms of tubelike and flat-platelike behavior is not as valid as in 


- the case of the plain-fin surfaces because of the more complex 


flow geometry. For the three */,-in. louvered surfaces, described 
in Fig. 1, the curvature of the fins produces minus accelerations 
with resulting tendencies toward flow separation and eddy for- 
For all four louvered surfaces, wake effects at the lead- 
ing and trailing edges and flow impingement on the blunt leading 
edges provide additional flow turbulence. The prime surface, ac- 
counting for 14 to 38 per cent of the total, Table 1, has a markedly 
different geometry from the louvered fins. The junctions, louver- 
to-fin and fin-to-plate, introduce more flow complexities. Never- 
theless, the tube-type-flow and flat-plate-type-flow comparisons 
employed for the plain-fin surfaces yield usable correlations, Figs. 
1, 5, and 8. 

The sequence of three */s-in. louvered surfaces have their char- 
basis, Fig. 4. The close 
correlation of the heat-transfer behavior suggests that any one of 
these curves may be used with good accuracy for a range of fin 
maintaining the */,-in. louver 
spacing. Note that all three surfaces exhibit a flow transition in 
the range 1500 < Nr, < 3000 as for the ease of the plain-fin sur- 
faces. 

No satisfactory explanation has been evolved to explain the 
poorer friction correlation, especially for Veg, > 2000, Fig. 4. In 
terms of the contribution of the unlouvered prime surface one 
would expect a less rough-flow characteristic for the */. — 6.06 
surface as compared to the */s-11.1 surface, Fig. 1. This is not 
supported by the test results which show a higher f for 6.06-fins- 
per-in, surface especially for the higher Vx, range. 
closer fin spacing reduces flow-separation effect thereby reducing 
the form drag component of the friction factor without a materia! 
alteration of the heat transfer, which is associated with the skin- 
An additional possibility is that the closer 


mation. 


acteristics presented on a tube-type Nz 


Possibly the 


friction component. 
fin spacing serves to reduce the scale and intensity of the turbu- 
lent eddies, much in the manner of a fine screen. 

Until more complete data are available, it is recommended that 
the three f characteristics in Fig. 4 be used for interpolation and 
possibly a small extrapolation to other fin pitches in the range 5 
to 15 fins per in. 

The characteristics of the short-louvered surface ®/ 5. 12.22 are 
Fig. 5. No dis- 
cernible flow transition appears in either the f or Ny,\Vp,’* char- 


Comparison with Fig. 4 reveals that the * j- 12.22 


given on a tube-flow Reynolds number basis, 


acteristic. 
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surface, ee to the */s-11.1 surface, has a 12 to 25 per 
cent higher heat-transfer characteristic and 50 per cent higher f 
characteristic. 

Fig. 8 contrasts behavior of the # 12.22, the */s-11.1, and 
the 11.1 plain-fin surfaces on a flat-plate-type basis, with the 
louver dimension, as given in Table 3, entering-into the Reynolds 
number, Vp. 
larity between the flat plate and the three test surfaces, the 
TABLE 3) COMPARISON OF PLATE-FIN SURFACES 


No. of fins Hyd. diam. Louver spac- 


Designation per in. 4rjyz, in. ing, J, in. Lary 
Plain: 
5.3 5.3 0.2419 2.5, 10.3 

11.1 0.1214 2.5 20.6 

77 14.77 0.1017 2/5 24°7 

19.86 19.86 0.0718 2.5 35.0 

Louvered: 

6.06 6.06 0.1752 0.375 2.14 

8.7 8.7 0. 1436 0.375 2.61 
s-11.1 11.1 0.1214 0.375 3.08 

12.22 0.1411 0.0937 0.663 


. agreement with respect to heat transfer is remarkably good. "Phis 


has been observed by others, notably by Norris and Spofford in 
their pioneer work on “high-performance fins” (10). The fric- 
tion charactexisties for the test surfaces, however, are only in very 
general agreement with each other and are substantially higher 
than the flat-plate characteristics. For the */;;-12.22 and 3/s- 
11.1 surfaces, f is roughly twice that for the ftat plate with, the 
sharp leading edge, demonstrating that about one half the fric- 
tion power expenditure is a form drag effect, not contributing to 
heat transfer. 
surfaces still yield a higher A, for a given friction power expendi- 
ture, HE hp/ft, as compared to the plain-fin surfaces, because of the 
higher Vg.NVp,"? This aspect will be elaborated 
on shortly. 

Finned-Flat-Tube Surfaces, Fig. 2. The characteristics of 
these surfaces are summarized in. Fig. 6, using a tube-type-Reyn- 
The dotted curves give the behavior of the 19.86 


In spite of the higher parasitic loss, the louvered 


characteyistic. 


olds number. 
plain-plate-fin surface for comparative purposes, 

The close agreement of the 19.86 plain-fin and the 9.68-.87 
finned tube surface emphasizes their common tubelike flow be- 
havior. The agreement with respect to heat transfer is remark- 
ably good, the spread being less than 5 per cent. For friction, 
the spread in f is not more than 25 per cent at the higher Nr; 
range, and much less for Ve, < 1000. : 

The effect of staggering the tubes but maintaining the plain- 
fin surfaces is striking. 
the 9.68 — .87 and 9.1 
Reynolds-numper range, there is an increase of Ng, of from 
15 to*50 per cent and a roughly proportional increase of f. Main- 
taining an in-line tube arrangement but ruffling the fins, surface 
9.68 — .87 —R versus 9.68 — .87 (see Fig. 2), produces like in- 
creases in .\V., and f, but relative to the staggered-tube plain-fin 


This is revealed by the comparison of 


- .737 —S surfaces, Fig. 6. For the whole 


geometry thé improvement in Vg, is legs, and, in general, the fric- 
Consequently, from a friction-heat transfer point 
of view, staggering alone is more advantageous than ruffling 


tion is higher. 
alone. In these comparisons the small difference in single-tube 
dimensions and the variations in fin spacing are not considered «as 
significant. 

* The influence of both staggering the tubes and ruffling the fins 
over these expedients carried out singly can be determined by the 
comparison of the characteristics for surfaces 9.68 — .87, 9.68 
87-R, 9.1-.737 - 8, and 9.29 - .737-S - R. For a 
Nry > 4000, for heat transfer, the effects of staggering and ruf- 


fling are almost directly additive, giving about a 50 per cent in- . 


crease in Ng, over the in-line-tubes plain-fin arrangement. The 
friction curve is also higher than either the staggered or ruffled 
arrangement, being of the same shape as the ruffled arrangement 


Considering the marked ‘lack of geometrical simi-. 
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but 15-30 per cent higher over the whole Reynolds number 
range. For Nr; < 2000 there is no significant gain of the S-R 
over the staggered arrangement with respect to heat transfer, and 
a decided loss with respect to friction. : 

The only significant change of fin spacing exists for the com- 
parison 9.29 — .737 — S-R versus 11.32 - .737 — S-R, where there 
is a 22 per cent increase in fin pitch. The test results demonstrate 
both a lower friction and a lower heat-transfer performance for the 
closer fin spacing, on the order of 7-12 per.cent over the Nz, 
range 400 to 10,000. This relatively small difference may not 
be fundamental, but due, rather, to uncontrolled variations of 
test-core geometry, such as surface roughness introduced by the 
solder-dip metbod of fabrication. ; 

From the point of view of moderate extrapolations to other fin 
spacings, say, in the range 7-12 fins per in., it is the authors’ opin- 
ion that the characteristics of the ruffled and/or staggered ar- 
rangemetits, 9.1 — .737 — S, 9.68 — .87 — R, and 9.29 —- .737 
S-R, will apply for the respective tube-and-fin surface geometry 
described in Fig. 2. A precaution to be observed, however, is 
that changes in the cross-sectional dimensions and spacing of the 
flat tubes may have a strong influence for the staggered arrange- 
ments, and that variations of the ruffled-fin geometry may also be 
significant for both staggered and in-line tubes. 

For the plain-fin in-line-tube types, it is believed that the tube- 
like flow behavior of the 9.68 - .87 surface may be extrapolated 
over a range 6 — 20 fins per in, within an uncertainty of +10 per- 
cent on heat transfer and +20 per cent for friction, This recom- 
mendation arises from the agreement in behavior of this surface 
with the 19.86 plain-plate-fin geometry, Fig. 6. 

Heat-Transfer Coefficient Friction-Power Considerations, Figs. 9 
and 10, These comparisons are descriptive since, in some meas- 
ure, they compare the relative sizes of exchangers incorporating 
the different surfaces. The abscissa is the friction horsepower 
Ea or £3, hp/ft*’, and the ordinate is the heat- 
transfer power per unit volume and a unit temperature potential, 
ah or 8h, (Btu/hr) /(ft® °F). For a given friction-power expendi-- 
ture these ordinates are inversely proportional to the relative vol- 


per unit volume, 


ume requirements. This method -of presentation evolved from 
the work of references (11), (1), and (12). 

For the finned-flat-tube surfaces, the core volume is used as a 
basis and for the plate-fin surfaces the volume between plates on 
one side only isemployed. This leads to the use of ah versus Ea, 
and Bh versus /8 for Figs. 10 and 9, respectively. The reason for 
this difference in treatment results from the fact that, for the 
plate-fin surface, the flow geometries on each of the two sides of 
the core may be selected independently of one another, i.e., 3/3 — 
11.1 surface with '/,-in. plate spacing on one side and a plain 
19.86-fins per in. surface with '/.-in. plate spacing on the other’ 
side. No such freedom exists for the finned-flat-tube type. 

The curves; Figs. 9 and 10, were derived for a fixed set of fluid 
properties corresponding to dry air at 1 atm pressure and 500 F, 
as given in the captions. 
ties and the resulting A and £ magnitudes are designated by the 
subseript std. 


These “standard” or reference proper- 


For any other fluid properties condition yu, c¢,, p, 
Vp,, the co-existing heat-transfer and friction-power coefficients 
may be evaluated from 


p 
A= Asta 
std Msud Np, 


2 3 
E = Bove (=) ( a 
Pp Mstd 


This extrapolation is founded on, keeping Reynolds number and 
flow geometry constant. 
The advantage of louvering the fins of the plate-fin surfaces is 
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quite evident from Fig. 9. For instance, for a given friction- 
power expenditure the */s-11.1 surface has, roughly, a 45 per 
cent greater transfer coefficient per unit volume than the 11.1 
plain-fin surface. Increasing the transfer area per unit volume 
by closer fin spacing is also advantageous. The */s-11.1 surface 
shows a 45 per cent greater A than the */.-6.06 surface because 
of this effect. The expedient of closer fin spacing can be em- 
ployed instead of louvering to realize high performance as seen 
by comparing the 19.86 plain fin and the */s-11.1 surfaces. 
The latter surface, however, will produce the lighter weight heat 
exchanger. 

It may be that decreasing the louver spacing below ®/'s to '/, in. 
is not advantageous as demonstrated by the comparison of #/3:— 
12.22 surface behavior with the better flow friction-heat transfer 
power characteristic of the */s-11.1 surface. This point is also 


suggested by the data of reference (1) in the comparison of lou- * 


vered-plate-fin surfaces all with 11.1 fins per in. but louver spae- 
ings of and */s in., respectively. 


Fig. 10 strikingly illustrates the advantage of staggering the ° 


tubes alone over ruffling the fins for the finned-flat-tube surface. 
Staggering and ruffling together prove advantageous only for the 
higher aExa range, corresponding, roughly, to the air side of re- 


generator or compressor intercooler operation as examples. The 
improvement of the 11.32-.737 —-S-R over the 9.29 - .737 - 


_S-R surface is due solely to the increased area per unit volume, a. 
An important point to keep in mind when making these heat- 
transfer-friction power comparisons is that core “volume’”’ re- 
quirement is only one aspect of compactness of the final heat-ex- 
changer design and that “shape’’ is exceedingly important (2). 
As a consequence, to realize a satisiactory shape, it may be nec- 
essary to employ other than the optimum surfaces as defined in 
Figs. 9 and 10 

Comparison With Results of Other Experimenters. The plate- 
fin test cores plain 11.1, */s— 11.1, °/s—8.7, and */s-6.06 were 
previously tested at the U.S.N. Engineering Experiment Station, 
Annapolis, Md. The results for the plain 11.1 and louvered 3/5 
11.1 surfaces were reported previously (1). The other surfaces 
are covered in reference (12). “The results of the two sets of ex- 
periments agree within a maximum of 7 per cent for both heat- 
transfer and friction for the louvered-fin sequence. For the plain- 
fin core, while the heat-transfer behavior is in accord, the f results 
differ by 11-20 per cent. In this core, unlike the others, en- 
trance- and exit-flow losses are substantial, amounting to as much 
as 30 per cent of the total pressure drop. The USNEES results 
are higher with respect to both Vx, and f. 

The discrepancies on f can be largely accounted for in terms of 
the different exit and entrance-flow loss coefficients. The coef- 
ficients used by USNEES are the conventional information in the 
hydraulies literature Which apply with reasonable accuracy only 
to high NV», flow, while the Stanford treatment used test deter- 
mined coefficients (3) and (4). These comparisons emphasize 
the importance of having accurate information on these flow fac- 
tors for work of this character. 

The disparity in Ns, while not so serious, cannot be explained. 
The fact that the Stanford results include an allowance for steam- 
side resistance should tend to make them somewhat greater than 
the EES results for Nr, > 3000. This is not the case. 


SUMMARY AND CONCLUSIONS 


The foregoing discussion leads to the following conclusions: 


1 The data presented here are of sufficient accuracy for pre- 
liminary design calculations for new applications of these sur- 
faces, 

2 No optimum surface can be specified from these results 
alone. The designer must select the best surface for a given ap- 
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plication giving consideration to such factors as cleanability and 
fouling characteristics, weight, size, and shape. 

3 The nondimensional correlation between the variations of a 
type of surface are sufficiently good so,as to suggest that the re- 
sults reported here may be interpolated and extrapolated to some 
extent to other modifications. 

4 Plate-fin surfaces exhibit both tubelike and platelike flow 
characteristics depending to some extent upon the length-to-hy- 
draulic diameter ratio of the surface. 

5 In general, the heat-transfer characteristics are more de- 
scriptive of the boundary-layer flow than f. The reason for this 
is the large contribution of form drag effects. 

6 Since the form drag effects are largely parasitic, in that they 
do not contribute to the heat transfer, as more information is ac- 
cumulated superior surfaces from a heat-transfer-friction power 
point of view may result. 

7 The surfaces reported here with one exception are now being 
used only for relatively low-temperature applications. Design 
studies for such high-temperature applications as the gas-turbine 
regenerator (2), may reveal that an effort should be made on the 
part of the industry to learn how to fabricate these surfaces for 
high-temperature service. 
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Discussion 


Aronson.? The work here reported is a valuable addition 
to our know ledge of convective heat transfer. In the specific 
application of the performance data to the design of gas-to-gas 
heat exchangers there are some differences in viewpoints be- 
tween the authors and the writer, largely as 

factors deserve prime emphasis. Compactness is a consideration 
in gas-turbine design but usually is secondary to shape require- 


regards which 


ments. As a rule the compressor and turbine are first laid out 
roughly and then, in whatever convenient space can be found, : 
regenerator is fitted in. The choice to be made is then not of 
the most compact surface but of one which will give the balance 
between required NTU and pressure drop which will result in 
the best gas-turbine cve ‘le. : 

This condition was vividly demonstrated to thé writer when 
he first attempted to design a cross-flow regenerator for a loco- 
motive gas turbine. 
heat exchangers for an oxygen plant. 


At that time his company had on order 
These exchangers used 
the #/,2-12,22 fin which is shown in Fig. 9 of the paper to be 
about the most compact pattern. Since space is a most  im- 
portant consideration in a locomotive, this particular surface 
Calculations, however, 
quickly revealed that such a surface would be entirely unsuitable. 
Amazingly enough, the 5.3 plain fin, which is indicated as the 
least compact surface in Fig. 9, proved to be the one which would 
give the required \V7'U of about 2 without exceeding the allowa- 
ble pressure drops. The following is a comparison of the 


appeared to offer excellent possibilities. 


dimensions required for the two cores: 


Length, ft Volume, 


Gas floy Air flow No flow eu ft 
5 /s9-12.22 fin. . air 80 45 
Plain—5.3 fin......... 3 7 7 147 


In terms of actual core volume the compact surface is truly 
more compact, but if the volume of distributing sections and inlet 
manifolds are added, thé total volume comes out 
Obviously, 


and outlet 
higher than for the Jess compact plain-fin pattern. 
the compact surface cannot be used on « locomotive installation 

One can state a general rule for selection of core structures for 
gas-turbine r regenerators. The more compact surfaces are suita- 
ble for small air flows and the less compact surfaces for large 
air flows; also, the more compact surfaces are the better for 
high values of V7'U" and the less compact surfaces for low values 
of NTU. 
authors in this and previous papers is of considerable aid in mak- 
For design work it would have been 
helpful to have included plots of 7/f versus Ne and plots of A 


The availability of the test data presented by the 
ing the optimum selection. 


versus friction power. 

For oxygen plants, while compactness is important, a more 
The authors mention that these 
However, 


significant factor is the cost. 
surfaces have been used in portable oxygen plants. 
at present many of the companies manufacturing these extende |- 
surface structures are interested in their use in tonnage oxygen 
plants where heat exchangers represent a significant part of the 
total cost. 
pin fins or wire screening having very fine diameter wires. Such 


? Elliott Company, Jeannette, Pa. Mem. ASME. 


The most compact surfaces are probably made with 
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surfaces would require fairly small passage heights in order to 
maintain high fin effectiveness. 

However, such a design would not necessarily represent the 
A major part of the cost is in forming the fin ele- 
ments and assembling them into passages between separating 
plates. as high a passage as 
possible. 


lowest cost. 
Therefore it is desirable to have 


There are many blank spaces remaining to be filed between 
test-core data and harge-scale performance. Future programs 


might include investigation af such factors as the following: 


1 Effect on regenerator performance of complex flow pattern 
of air discharge from compressor or turbine into regenerator. 

2 Effect of flow unbalance in passages which produces a ma- 
terial unbalance between cold fluid and hot fluid. This is of 
particular significance in heat exchangers of high V7TU. The 
effect is not shown when testing with steam because of the un- 
limited amount of heat available from the condensing steam. —. 
3 Effect of variations in manufacture on heat-exchanger per- 


formance —such as wear of dies. 


If a test code is adopted as suggested by the authors, it might 
be advisable to arrange for a better check on pressure drop. This 
could be done by building a separate core for pressure-drop 
“pressure-drop” core could be built .to the 
same dimensions as the other core but arranged with all pas- 
sages flowing in the same direction. This would give an area 
ratio at entrance and exit very close to. unity. [f such an arrange- 
ment is not possible, then a longer flow path could he used when 
While there will alwats be some 


measurements, The 


testing for pressure drop. 
question as to whether the “heat-transfer’’ core and the pres- 
sure-drop core are of identical construction, the uncertainty 
ean be reduced by suitable fabricating procedures. Also, since 
there are some fifteen to twenty-five individual passage sec- 
tions there is a reasonably: good averaging of fin variations. . 
J. J. Dinanx.® The information and data presented by the 
authors in these papers help to fill a need which exists in the 
field of heat-exchanger design. The paper takes the initiative in 
recommending a test apparatus and technique for obtaining 
accurate basic heat-transfer and flow-friction data for heat- 
exchanger surfaces. Also, it reports additional data which may 
be extrapolated to designs of compact heat exchangers. 
Undoubtedly, the authors have put considerable thought into 
the design of the-test apparatus reported herein. 
over-all accuracy of the data obtained and the excellent heat 
balances attest to this. 


The estimated 


Fig. 15, Part | of thix paper, provides a 
check on the accuracy of the authors’ methods. Comparison is 
made between data reported by the authors and that obtained by 
the, U.S. Naval Engineermg Experiment Station. Since the two 
test setups are, in general, similar, convincing evidence is pro- 
vided for the reproducibility of test data if the authors’ recom- 
mended technique is employed.- he 

The friction-factor characteristic of the surfaces reported in 
this paper is defined by the friction factor f versus the Reynolds 
number, Evaluation of f is based upon the Fanning equation 
for flow in tubes. The application of this analogy to the plate- 
and-fin type of surface reported herein appears justifiable. One 
might. expect the analogy to brenk down when applied to flow 
-The curves in Fig. 6, Part 2 
of this paper, do not bear this out Since the friction-factor curves 
for the “finned, flat-tube”’ 
“plate-and-fin” surface designated as 1986. However, extension 
of the analogy to all heat-exchanger surfaces cannot logically be 
done. Test of a “plate and pin-fin” core at the Engineering [x- 


over the flat-tube type of surface. 
surfaces are similar in shape to the 


3U.S.N. Engineering Experiment Station, Annapolis, Md. 
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periment Station, showed that the analogy to flow over banks of 
tubés is applicable. 

In comparing the heat-transfer and friction characteristics ‘of 
different surfaces, the most significant comparison would seem 
to be a plot similar to Figs. 9 and 10, Part 2 of this paper. These 
figures make the comparison on a bulk or volumetric basis. 
Another comparison can be made purely on « heat-transfer-area 
basis. Possibly the plot might be extended to include the 
weight factor. 


Ciype Smmpecaar.* This paper, together with the individual 
project papers on the various surfaces tested at Stanford Uni- 
versity laboratory, contributes materially to the literature on 
interrupted fin surfaces. 

The authors suggest that it may not be advantageous to de- 
a While certain of the 
data appear to bear this out, there is another directly associate | 


crease louver spavting below to '/¢ in. 
condition, namely, the distance between in-line surfaces, which 
is not evaluated, 
of spacing in the louvered-fin design which incorporates a surface 
configuration is probably différent from that for a plain flat strip. 

To consider then, only the uncontoured strip fins such as those 
tested and reported in the original paper of Norris and Spofford, 
while the heat-transfer coefficient may increase with decrease in 
strip width, the coefficient may also decrease with decrease in 
distance between trailing and leading edges of the in-line strips 
nullify the former. 


In this it should be considered that the effect 


so that the latter effect may substantialls 
Both of these conclusions appear to be supported in the original 
paper mentioned, in which note should be made of the fact that 


without a modification of the definitive geometry (),), the per-., 


formance of strip fins staggered by three’s was substantially 
better than the performance of strips staggered by two's, 

The strip-fin design identified as */,;2:-12-22 in the present 
paper was tested in the Modine laboratory using a test core with 
a single air-side pass 6 in, high X 3 in. in air-flow length. Heat- 
transfer tests of this sample correlated with those of the larger 
core tested at Stanford to within about 1 per cent. In order to 
verify what we have termed the “proximity effect’ of in-line 
surfaces, an identical core was built except that in each channel 
fin alternate pairs of strips were removed at their base, increasing 
the distance between in-line surfaces from yo to in. 

Tests of this core showed a gain in the Stanton-Prandtl group 
of 14 per cent at an Np, of 1000, and 6 per cent at an Vp, of 
10,000. Norris and Spofford showed an increase of 11 per cent 
in heat transfer for stagger by three’s versus two's at an air flow 
of 1000 fpm. 
effect is significant over a wide range of distance between trailing 


Other (ests which were made indicated that this 


and leading edges. 

It appears possible, therefore, to obtain the advantage of the 
use of narrow strip fins if these are staggered by three’s or four’s 
so that the distance between strips is increased beyond the 
Reyn- 


severely critical range. To correlate the 


olds number based upon either the hydraulic radius or fin strip 


performance, 


width or perimeter is not completely definitive and an “effective 


‘Chief Research Engineer, Modine Manufacturing Company, 
Racine, Wis. Mem. ASME. 
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Reynolds number” should be used which would take into con- 


sideration the “proximity effect” of in-line surfaces. 


AUTHORS’ CLOSURE 
The authors’ objectives in presenting this paper were to make 
available accurate basic heat-transfer and flow-friction data for a 
number of compact heat-exchanger surfaces which might find ap- 


plication in numerous systems where compactness is desired, in~ 


cluding the gas-turbine heat exchangers. Whether or not any of 


sion. It was not the objective of this paper to provide the de- 
signer with any criteria for the selection of an optimum surface for 
any particular application. In this regard the authors fail to see 
any “differences in viewpoints’’ between themselves and Mr. 
Aronson simply because the authors did not in this paper present 
any viewpoints on how gas-turbine regenerators should be de- 
signed, 


Mr, Aronson’s remarks regarding the shape problem when us- 
ing low-density fluids are very well taken, and this aspect is dis- 
cussed at some length by the authors in reference (2). However, 
he infers that for a given gas-turbine plant there is something of a 
definite physical limitation in the over-all compactness of the re- 
generator, and attempts to devise more compact units are doomed 
not to meet with success, 
tions are not warranted at this time. 

The effeet of such things as complex flow patterns and flow un- 
balance in the passages can best be determined by tests of actual 
operating systems, It is hoped that manufacturers will make 
such data generally available. 

A pressure-drop test core having an entrance and exit area ratio 
close to unity and long flow passages would be very desirable al- 


though, of course, adding considerably to the cost and time of the 
test program. 

Mr. Dinan objects to the use of the Fanning friction factor f— 
for other than tubular surfaces. As matter of fact, it does not 
make any difference how the friction factor is defined provid- 
ing that the same definition is used in the application and providing 
that it is applied to the same surface or to a geometrically similar 
surface. The only advantage of one method of presenting the 
friction characteristics of a surface over another occurs when at-_ 
tempting to generalize a correlation to cover variations in geome- 
No such generalization was attempted in this paper. 
friction factor and hydraulic radius were defined in the same man- 


try. 


ner for all the surfaces as a matter of convenience in applying | 


This definition was also used by Norris and Spofford | 
in their pioneer paper, reference (10), 


these data. 


There are undoubtedly many improvements which can be made Z 


in the performance of heat-exchanger surfaces such as discussed 


by Mr. Simpelaar. The authors are presently conducting an in- - 


vestigation of the basic mechanisms of heat transfer and flow fric- 
tion in complex flow passages with the hope that a better under-_ 
standing of the basic mechanisms will lead to the development of 
more effective surfaces. 


A 
these surfaces aresuitable or desirable for the gas-turbine regenera- 
tor is for the regenerator designer to determine. The basic data 
presented here are not definitive and will only assist in this deci- 


The authors feel that such generaliza- | 
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Calibrations of Six Beth-Flow Meters at_ 


Alden Hydraulic Laboratory, Worcester 


Polytechnic Institute 


By L. J. HOOPER,' WORCESTER, MASS. 


Six Beth-Flow tubes were calibrated by means of a volu- 
metric tank at the Alden Hydraulic Laboratory to deter- 
mine their suitability as flow-metering elements. Four 
of the six meters tested had practically the same coeffi- 
cients with flow in either direction. The flow coefficients 
were constant above a Reynolds number of 100,000. Fur- 
ther tests are necessary to determine manufacturing toler- 
ances and the effects of disturbed flow due to various types 
of piping arrangements. 


HE purpose in calibrating the six Beth-Flow meters, dis- 

cussed in the paper, was to determine their operating 

characteristics as a preliminary survey of the usefulness of 
this type of meter. 


APPARATUS 


Cross sections of the six meters tested are shown in Figs. | to 6, 
It is noted that the meters differ from each other with 
respect to their upstream-throat diameter ratio and in the piezome- 
ter arrangements. Three of the meters were designed for in- 
stallation in a 6-in. pipe and three in a 4-in. pipe. These and 
further details of the meter designs can be seen in the illustrations. 


inclusive. 


The calibration tests were performed in the lower basement 
of the main building of the Alden Hydraulic*Laboratory. A 3-ft 
diam tank served as distribution center to reduce velocity effects 
at the entrance to the test section. The 12-in. supply from the 
laboratory pipe was connected near the top of the tank. To this 
was bolted an 8-ft length of 12-in. pipe. The test section of pipe, 
either 4 or 6 in. diam, was connected to this 12-in. pipe by means 
of a reducing flange. The approach pipe to the meter was 
approximately 25 ft long. The discharge from the meter was 
conducted to a switchway near a volumetric tank. This volu- 
metric tank was 3 ft wide, 6 ft deep, and 22 ft long. It was cali- 
brated carefully, immediately before the test, by means of ¢ weigh- 
ing tank. 


The details of the piping arrangement can be seen in 


The differential pressures developed by the flow meters were 
measured with three types of differential manometers, according 
to the pressure range required. Differential pressures from 2 ft to 
25 ft were measured with a barometric type of mercury manome- 
ter which was calibrated by a water column prior to the test 
Differential pressures from 0.2 ft to 4 ft were medsured with a 
water-and-air,manometer, which had a well connected to one 
side so that the deflection occurred in one manometer leg. Small 
differential pressures were measured with a micromanometer in 
which the deflection was measured in water columns 2 in. in diam. 


! Professor of Hydraulic “Engineering, Worcester Polytechnic In- 
Mem. ASME. 

Contributed by the Research Committee on Fluid Meters, and 
presented at the Annual Meeting, New York, N. Y., November 27- 
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Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—A-38. 


Point gages brought up underneath the water surface indicated 
the water levels in the customary manner for hook gages. The 
difference in elevation between the two point gages was measured 
with an Ames dial gage, reading to 0.0001 in. The upper limit 
of deflection with this manometer was approximately 4 in. 


PROCEDURE 


In preparing a meter for a test it was first carefully cleaned 
with carbon tetrachloride and clean wiping rags, to be sure that 
the interior surfaces were entirely free from grease. The up- 
stream flange joint of the meter was made tight with a thin film 
of grease so as to avoid the possibility of a gasket sliding in the 
pipe and disturbing the flow in any manner. After the meter was 
bolted in place the line was filled with water, and all air pockets 
were blown out by means of suitable blowoffs both in the line 
and in the piezometer connections to the manometer that was in 
use. The proper operation of the manometer was checked by 
being sure that a zero deflection occurred on the manometer with 
zero flow. This static check was repeated frequently during the 
course of a test. 

In preparation for a particular test the desired flow was first 
set and allowed (o run to waste for 5 or 10 min to insure steady 
test conditions. When everything was in readiness, a measuring 
run was started on the volumetric tank by switching the discharge 
into the tank and simultaneously starting a calibrated stop 
watch. An observer on the manometer took readings of the 
deflection continuously throughout the discharge-measuring run. 
These readings were recorded on an adding machine which made 
it possible to secure from 40 to 100 readings of deflection for each 
test run. When the volumetric tank was nearly full the dis- 
charge was switched to waste, and the timer stopped. The length 
of the timing run varied from approximately 500 see at the low 
flows to about 100 see at maximum discharge. After the run was 
completed, the flow was adjusted at the next test value, and the 
test data were computed. 

After a complete calibration curve had been obtained on the 
meter with the flow in the,forward direction, the meter was taken 
out of the line and was reinserted so that the meter was in the 
reverse direction. A second complete calibration was then made 
under these conditions. 


COMPUTATIONS 


In computing the coefficients of the meters the actual dis- 
charge, as measured by the volumetric tank, was divided by the 
theoretical discharge computed from the meter deflection. The 
actual discharge was computed as follows: 


Q actual = volume divided by test time in seconds 
The theoretical discharge for all of the meters was computed 
using the nominal dimensions of a meter, thus 


Q theoretical = 2g(h, - he)/ - 
In the case of meter SK No. 1, the theoretical discharge was 
computed from the relationship 


Qactual = K & H0-476 
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where K includes the discharge coefficient as well as all constant 
terms. 


RESULTS 


The results of these tests are shown in Figs. 8 to 12, inclusive. 

Two of the meters, namely, No. 2 and No. 6, were not given a 
final calibration, and the results have not been included. These 
two meters did not show the same coefficients with reverse flow. 
Time was not taken to determine the reason for the differences 
inasmuch as this work could be better investigated along with 
other factors in a more complete investigation. 

As may be seen from the curve sheets, the other four meters, 
have practically the same coefficients for the flow in either qliree- 
tion. In all four cases the coefficient reaches a constant value 


with a Reynolds number of approximately “100,000, based on the 
throat velocity. This corresponded to a throat velocity of very 
nearly 6 fps. 

The coefficient continued constant to as high a value of throat 
velocity or Reynolds number as could be reached with the test- 
In the case of flow tubes No. 1 and No. 3, this was 2.3 
cfs. In the case of No. 5, a discharge of nearly 3.2 efs was reached. 

In the case of flow tube No. 5, a poor set of readings was ob- 
tained on one test setup. 


setup. 


In searching for the trouble with this 
particular calibration the question arose as to the stability: of the 
point of separation in the exit tube. Two calibration curves were 
run, one with the entire inner surface of the tube very lightly 
greased by rubbing the surface, with greasy hands. In the second 
test the inner surface was cleaned with earbon tetrachloride. 
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As may be seen inf Fig. 12, the nature of the surface had a distinct 
effect in the higher ranges of discharge. With the greasy surface 
the coefficient gradually decreased from a normal value of 1.452 
to 1.392, a difference of 4.1 per cent. This test was of interest 


*in that ft indicated the nature of the flow in the downstream. 


section of the tube. In so far as accuracy of the tube is concerned, 
the test is undoubtedly of greater interest from a laboratory 
point of view than that of a commercial installation. In the 
laboratory the meter is normally calibrated very soon after it has 
been installed and-the possibility of obtaining a partially greasy 
surface is very good. In commercial operations the tube is nor- 
mally being used continually for the measuring of a single fluid, 
i.e., either water or oil, and the possibility of a lowered coefficient 
is practically negligible 

It must be remembered that the purpose of these tests was to 
determine the possibilities of these flow tubes as flow-measuring 
elements. This report therefore is of a very preliminary nature 
and indicates that these tubes do possess possibilities as flow- 
measuring devices. It is realized that considerably more research 
must be done with these tubes to determine the manufacturing 
tolerances and the effects of disturbed flow which attend various 
types of installations. It is presumed that the results of such a 
research program will be made available in the near future. 


CONCLUSIONS 


As a result of these calibration tests, certain designs of Beth- 
Flow tubes have been found to possess a constant coefficient 
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over a range of Reynolds numbers from approximately 100,000 
to approximately 800,000. These meters were found to have the 
same coefficient for flow in either direction through the meter. 
Further research is necessary to determine manufacturing toler- 
ances and effects of installation on the meter performance. 


Discussion 


M. M. Borven.? It may be of interest to note the differences 
of throat diameters for conventional Venturis (with approximate 
coefficient values as noted) and the Beth-Flow tubes with 
their coefficient values taken from the flat part of the curves in 
the paper. 

Each tube of a given size is equated for a common (Q) quantity 


‘and differential head produced by it, as given in Table 1. 


The relatively small differences of diameter of the throat con- 
strictions given in Table 1 seem not to warrant the added cost 
of the Pitot bodies, as in sketch Figs. 4 and 6 of the paper, with 


. thé possible stoppage of their impact openings, or of the un- 


certainty of the effects of a change of velocity curve (with up- 
stream roughness) upon the others. 
The difference in head loss for a given size of constriction would 


* Engineering Consultant, Simplex Valve & Meter Company, 
Philadelphia, Pa. Mem. ASME. F 
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TABLE 1 CONVENTIONAL VENTURIS 


surely be favored by the action of the diverging Venturi cone. 
If this be omitted, the loss of head need not be seriously greater 
than with a belled outlet from the Venturi throat. 

It would appear that the use of a Pitot opening in a constric- 
tion could be better applied by placing the Pitot opening as far 
from the wall of the constriction as is convenient so it would be 
definitely located in the flat part of the velocity curve and in a 
region where least affected by upstream roughness or whirling . 
flow. 

Fig. 13, herewith, illustrates a type of Venturi-Pitot com- 
bination which has been used by the writer’s company. 

The curve showing, relation of Venturi throat—Pitot differen- 
tial to the normal main and throat differential are as shown in 
Fig. 14. With such a Pitot combination it is also possible to 
revolve the Pitot tube for removal of an obstruction; or to re- 
move it for inspection; or to rotate it through such an angle as 
would produce a slight change of differential—all while deliver- 
ing both differential pressures from a central piece. 
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AND BETH-FLOW TUBES COMPARED 


Assumed Size Equivalent Cv Difference Venturi 
SK Beth-Flow, in. 8 Venturis, in, assumed 8 throat and Beth-Flow 
throat, in. 
0.906 4 X 3.556 0.96 0.889 —0 .069 
0.688 4X 3.051 0.975 0.763 +0.301 
0.542 6 X 3.153 0.9825 0.526 —0.097 
0.583 6 X 4.129 0.9825 0.688 +0.627 


Hpt 
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IMPACT 
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Fig. 13 
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W.S.’Parpog.* This discussion is in no way a criticism of the 
author and the Alden Laboratory at Worcester Polytechnic In- 
stitute. The writer has the highest appreciation of the work and 
ideas of this laboratory but it is written in response to the 
author’s suggestion of further studies and in answer to a state- 
ment in an article published in The Engineering News-Record 
of August 18, 1949, entitled, ““New Flow Meter Cuts Costs, 
Simplifies Installation Problems,” by R. E. Tarring, as follows 

“Its short length permits insertion in complicated pipe systems 
and at the most advantageous point on the hydraulic gradient. 
Accuracy is not lost and expensive revamping of the system is 
avoided. Straight pipe-runs before or after elbows, tees, crosses, 
or other fittings—are not required;”’ also, “The streamlined 
‘interior of the meter-Low main-to-throat (high Beta) gives 
negligible unrecovered pressure logs.’’ Other claims have been 
made, but these will suffice. . 

Fig. 15 of this discussion is a schematic sketch of the Hydraulic 
Laboratory of the Civil Engineering Department of the Uni- 
versity of Pennsylvania in Philadelphia, Pa. It consists of a 
sump, pumps, cast-iron pipe system, 5-ft 6-in-diam stand pipe, 
test pipe lines, test meter, and two 16,000-lb weighing tanks. 
The maximum pumping and weighing rate is 12 cfs (5400 gpm.). 

Fig. 16 shows the three differential gages; the first, a 3-in. 
hook gage measuring up to 0.6 ft reading to 0.0001 ft. 


Professor of Hydraulic Engineering, University of Pennsylvania, 
Philadelphia, Pa. 
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Main THroat DIFFERENTIAL 


The second is a direct-reading air gage used from 0.6 ft to 
4.5 ft. 

The third is a direct-reading mercurial gage used for heads 
greater than 5 ft. 

Fig. 17 shows the 8 X 10 in. Beth-Flow tube. 

Fig. 18 is a cross section of a test of a 6-in. Gentile multiple 
Pitot tube showing a log-log head—(velocity in 6-in. pipe) curve 
the empiric equation of which is V = 4.3 h®-7§ Note that all 
the points fall on the line due to the very small scale. 

Fig. 19 shows the same data put in terms of Cin V = Cy/2gh 
and the velocity in the 6-in. pipe. Note the scatter of the points 
being plus and minus 0.6 per cent; the lost head is 21 per cent of 
the working head.” The laboratory has an error of plus and minus 
0.1 per cent as can be seen in Fig. 20, which is a test of a 12 x 
8'/, in. (8 0.69) Venturi meter. Note that the lost head 
equals 10 per cent of the Venturi head; if 8 were 0.75 the lost 
head would be less. 

Fig. 21 is a log-log throat velocity—Venturi head curve for 
Mr. Gentile’s information. The Gentile tube shows a scatter 
of points six times that of the Venturi meter tested in the same 
setup in the presence of both the manufacturer and the customer 
This must be attributed to the location of the multiple Pitot 
tubes which pick up fluctuations of velocity due to turbulence 
and minor vortexes near the wall. The manometers showed 
much wider fluctuations and surges than those of the Venturi 
meter. 

Fig. 22 shows a traverse in a 4-in. pipe, and Fig. 23 shows a 
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(Leeds and Northrup Company; Philadelphia Electric Con.pany, Rich- 
mond Station.) 
traverse in an 8 in. pipe immediately following a series of flanged . 


<decreasers from 24 in. to8 in. diam. It is evident these traverses 
would have a profound effect on the coefficient as the Pitot tubes 
are acted on by the velocity near the wall. Fig. 22 should give a 
high coefficient due to the low head, and Fig. 23 a low coefficient 
due to a high working head if the mean velocities are equal. 
The effect of an eccentric traverse such as occurs after elbows Seal, 


should increase the working head and decrease the coefficient due _ 
to the fact that the square of the mean velocity is less than the 
mean of the squares of the individual velocities. 

With these ideas in mind the writer seized the opportunity (of Bet 
the presence in his laboratory of an 8 X 6-in. Beth-Flow tube sent ; Ver 
in for test by the city of Philadelphia) to make the following tests I 
of the “effect of installation on the coefficient of the 8 x 6-in. Bet 
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Fig. 21 Test or 11.596 8.2285-IN. Venturi Tuse No. T 4349 
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with the following equation: cfs = 1.47 These curves 

“ are very deceptive. 

Fig. 25 gives the same data plotted as coefficient C against 
P | throat velocity. Note again the scatter of points, and the log- 
| log curve gives no hint of the form of this coefficient curve. The 

“menace lost head equals 12.1 per cent of the working head. Also, the 


setup has no straightening vanes. The average of ten values of 
the coefficient at 10, 20, and 100 per cent of the integrator range 
is 0.9392. 
: Fig. 26 shows the same setup with a 32-in-long cross-straighten- 
Beth-Flow tube,” and compare them with similar data for the ing vane 20 ft ahead of the Beth-Flow tube, the average co- 
Venturi meter of similar proportions efficient being 0.9539 or 1.54 per cent above Fig. 25. This setup 
Fig. 24 is a log-log head-discharge curve for this 8 X 6-in. has been used as a basis of comparison for all the others. Note 
Beth-Flow tube. Again, note how all the points fall on the line — that the normal turbulence and slight vortexes always present in 
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29 Errect or INSTALLATION ON VENTURI METERS 


piping systems produce an error of 1.54 per cent. It.looks as if 
this meter extends from the lower end of our pump suctions 
through the pumps and cast-iron piping system into the stand- 
pipe through the 24 in. to 8 in. reducers and 20 ft (30 diam) of 
8-in. pipe, that is, it is very sensitive to the small disturbances in 
the flow. 

Fig. 27, a cross-straightening vane 24 in. was added immedi- 
ately ahead of the meter giving a coefficient of 0.9411, being 1.34 
per cent less than Fig. 26. This latter vane evidently flattened 
the pipe traverse at the meter. 

Setups in Figs. 25, 26, and 27 would all produce the same co- 
efficient with an 8 X 6 in. Venturi meter, see Fig. 39. 

Fig. 28, the Beth-Flow tube was placed immediately after 
the 24 in. to 8 in. flanged decreasers; this gave an average co- 
efficient of 0.9095 or minus 4.65 per cent. The coefficient of the 
Venturi meter under a similar setup decreased 0. 098 per cent 

sce Fig. 29). ° 
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In Fig. 30 the Beth-Flow tube was placed after a 90-deg 
short-radius elbow, thus passing an eccentric traverse into the 
tube; the average coefficient was 0.8529 or minus 10.6 per cent. 
In Fig. 31 a piece of 8-in. pipe 8 in. long was placed between the 
elbow and the meter. The average coefficient dropped to 0.8381 
or minus 12.1 per cent. 

Fig. 32 indicates the 8 X 6 in. Venturi meter would be plus 
1.78 and 1.09 per cent, respectively. 

In Fig. 33 the Beth-Flow tube was placed immediately after 
two short-radius 90-deg, 8-ft elbows in planes at right angles. 
The average coefficient was 0.8366 or minus 12.3 per cent. 

In Fig. 34 an 8-in-long piece of 8-in. pipe was inserted be- 
tween the second elbow and the Beth-Flow tube; the average co- 
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Veda? efficient was 0.8642 or minus 9.4 per cent. Fig. 35 shows the cor- 


responding values for the 8 6 in. Venturi meter to be plus 0.22 
and 0.07 per cent, respectively. 
ToT earth In Fig. 36 the Beth-Flow tube was placed immediately after 


ttt ttt . a 6-in. to 8-in. flanged increaser. The coefficient was 9.9333 or 

* see minus 2.16 per cent. In Fig. 37 an 8-in. pipe 16 in. long was 

added between the enlarger and the Beth-Flow tube; the average 

Say beara = 20-0" aN coefficient. was 0.9136 or minus 4.23 per cent. From Fig. 38 the 

“FY corresponding values for the 8 X 6 in. Venturi meter were plus 
7.80 and 3.75 per cent, respectively. 

MEME OF A TE In order to bring out the effect of a rough upstream pipe, one 

ch. Bs iow layer of '/y-in. mesh #18” wire in the form of a cylinder 8in. OD 


Fig. 33. Test or 8 X 6-IN. Betu-FLow Tuse; Errect or IN- 
STALLATION 
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Fig. 40° Erreer or ON VENTURI METER 


and 36 in. long was placed immediately before the Beth-Flow 
tube as shown in Fig. 39. The average coefficient rose to 1.0297 
or plus 6.9 per cent; the coefficient varied from 0.98-1.0%. .No 
similar test was made on the 8 X 6 in. Venturi meter. 

Fig. 40 shows the effect on the Venturi meter of a cross- 
straightening vane after two elbows in planes at right angles. 
At six diameters we get the normal coefficient, therefore they do 
not affect the Venturi meter; see Fig. 27. 

Fig. 41 is a collection of the foregoing data for comparative 
purpose. 

The writer feels that if the Beth-Flow tube had been invented 
first what an earth-rocking invention Clemens Herschel’s Venturi 
meter would have been. 

Vincent GENTILE, JR.‘ Calibration of the 6 & 3'/, in. type 
D flow tube at the Alden Hydraulic Laboratory, covered the 


Quantity....... 0.0249 cfs-2.517 cfs (100-1) 
Velocity..*.... 0.437 fps-44.0 fps (100-1) 
ere 0.0473 in. water-375 in. water (7900-1) 


Reynolds No.... 7800-970,000...... (124-1) 


The coefficient of discharge, computed on. the square-root basis, 
varies from approximately 0.925 at 970,000 to 0.90 at 100,000. 
Below that, its value’drops off more rapidly. 

Calibration of the 8 X 6 in. tube of the same type, at the 
University of Pennsylvania, covered the following ranges: 


Quantity....... 0.196 cfs-6.03 efs (31-1 
Velocity....... 1 fps-31 fps (31-1) - 
=e 0.203 in. water*196 in. water (965-1) 


Reynolds No... 40,000-1,300,000.......... (31-1) 


Using the same basis as in the foregoing, the coefficient varies 
from 0.95 at 1,300,000 to 0.925 at 100,000, and 0.96 at 50,000. 
It should be noted, however, that when differentials are plotted 
versus capacity on log paper, all points lie on straight lines, 
indicating that over the entire ranges covered by these tests, the 
discharge coefficients remain constant if differentials are ex- 
pressed to powers of velocity corresponding to slope of curves, 
Figs. 42 and 43 of this discussion. ; 

Head meters, in general, do not, even for limited ranges, follow 
the square-roof law exactly. On the other hand, practically any 
primary device will show a constant coefficient, if head is ex- 
pressed to the proper exponent, over a range far in excess of the 
requirements of commercial metering, and broad enough to 
satisfy the most exacting demands-of laboratory test. work 
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The head developed by a primary device carn be expressed by , 


the equation 
H = Kh 
in which 


K = calibration constant 


h, = velocity head V2/2g 
R = Reynolds number VD/Z | 
= experimental exponent 


By 4 simple transformation the formula for discharge becomes 


CA(2gff)" 2n) 
= 
in which 
C = discharge coefficient = A” 
A = area 
Z = kinematic viscosity 
D = diameter 
| 
= 


For a meter of a given size, the formula can be simplified to 
Q.= C’A(2gH)* 
and for a given meter and fluid the expression finally reduces to 
= C’A(QgHy 


The exponent n appears to vary with the type of primary 


device, with the D/d ratio, and probably with other factors that 


we know nothing at all about. It is slightly greater than !/; for 
the type D flow tube, the nozzle, and the Venturi, and slightly 
less than '/; for the orifice, and for the V and VD flow tubes. 

If these test data are analyzed in this fashion, the type D flow 
tube has a demonstrated range of 30 to 1 in one case, and 100 to | 
in the other. The upper limits were governed in each case by 
the maximum flow capacity of the laboratory. From the direc- 
tion of the log plots, it can be seen that the coefficients would 
have continued constant considerably beyond these ranges. It is 
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and even in modified designs of the VD tube, all readings 
taken at the same section, the static pressure drops out of 
equation, and the differential becomes «a function of axial-— 
al + velocity components, which, in turn, are proportional to mass 
7 nD ie a flow. Moreover, since all readings are taken at the throat, where 
Rw | os — the velocity distribution is relatively flat, the effect of disturbed 
| flow due to fittings is minimized. Further, since readings are 
nN A | taken all around the periphery, a high reading on one side will 
I as be partly compensated for by a correspondingly lower reading on 
aR <6 _s thecother. There is of course a theoretical error due to the fact. 
that the average of the squares is not equal to the square of 
| average, but tests indicate that this is small and well within the 
— required accuracies of commercial installations. 
of Tubes with a high D/d ratio will be least affeeted bly installa- 
a | tion. Also, the type D tube, due to straightening effect of 
streamlined nozzles, will perform more consistently than the 
Fic. 42) Test or 6-In. Bero-FLow Tuse ror City or others. Figs. 44 and 45, herewith, show head-capacity curves for. 
PHILADELPHIA 
6 
+ . 
8 
4 
| 
} 
Fig. 43 Log-LoG Piotr Catipration or 6 X 3'/eIn. SK 4 44) Caripration or 6 X Type D Fiow ror 
Tepe at Avpen Hypravuric Lanoratory STALLATION 
important to note that, on this basis, the coefficient of the 6 » _ 
3'/,in. tube is virtually constant for all Reynolds numbers above 
11,000 (lowest point on log plot), while on the square-root basis, 
the coefficient is only approximately constant for Reynolds 
numbers above 100,000. Thus the effective range of a meter ; 
is considerably increased by the simple expedient of expressing 
head to the proper power of velocity. . 
Logarithmic plots are useful, not only for furnishing a more 
rational basis for the study of fluid flow, but also to indicate 
obvious errors of measurement and observation.. . 
The essential difference between the flow tube and other head 
meters is that total pressure differentials are used instead of 
static pressure differentials. It is submitted that this basis is — 
more direct and less subject to error. The static pressure at_ 
a given section is equal to the total pressure minus the effective 
velocity pressure. But the effective velocity pressure varies : 
with velocity distribution across the section and with the magni-_ . 
tude of rotative and translative components. Thus it is possible, 
under certain conditions, to obtain different static pressure read- } : 
ings for the same average flow across a section. In some cases 
the difference is small, in others it is appreciable. In the flow — 
tube the static pressure cancels out whatever its value and what- Fic. 45 Canmration or 6 X 3!/rIn. Type VD Firow Tuse ror 
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the 6 * 3'/, in. type D, and the 6 * 3'/s in. type VD tubes 
(SK4 and SK5, respectively, in the paper), downstream from a 
compound elbow with a reducer between one elbow and the 
other. Even under these extreme conditions, there is no ap- 
parent change in coefficient. It is not concluded from this that 
straight-run calibrations can be used indiscriminately for any 
application, but rather that a flow tube of proper design will per- 
form satisfactorily near an elbow or other fitting, if previously 
calibrated in a piping arrangement simulating the actual in- 
stallation 


C. G. Richarpson.®> The writer served on the first Fluid 
Meters Committee. After 6 years of discussion, Part I of the 
committee’s report was published. Later, a new committee 
produced Part II], dealing, in part, with the influence of installa- 
tion on various types of commercial meters. It would seem that 
it has* been amply proved that there is a great variation in the 
value and character of the Beth-Flow coefficients under approach 
conditions which have little, if any, effect on a standard Venturi 
tube. One does not see how the performance of the Beth-Flow 
ean possibly be predicted unless it is volumetrically tested in 4 
piping assembly duplicating the size, drrangement, and flow 
range of the final installation. 


I. R. Scuwarrz.® An important criterion in evaluating any 
primary device of the head type is the pressure differential pro- 
duced with a given flow for operating the secondary instrument. 
A simple analysis indicates that the Beth-Flow tube of the type 
with little or no contraction should produce much lower heads 
than-any of the standard methods, viz., Venturi tube, nozzle, 
and orifice, for 8 ratios below about 0.8, and:compares increas- 
ingly less favorably as the 8 ratio is decreased in the latter, For 
high enough initial velocities the Beth-Flow tube could provide 
adequate working-pressure differentials with almost no friction 
loss, but under these conditions would show little advantage over 
a simple Pitot meter. Both require individual calibration, in 
itself a rather serious drawback. a 

For low initial velocities it would seem necessary then to use a 
type with some contraction. Here the Beth-Flow tube should 
yield somewhat higher pressure heads than the standard device of 


the same contraction, but its friction loss is now comparable to, 


that of the latter. 
From these standpoints the’ writer fails to find wherein the 


Beth-Flow tube is superior, if not indeed inferior, to the usual 


more simple primary devices. 


AvuTuor’s CLOSURE 


The discussions of this paper add to the knowledge of the per- 
formance of Gentile-Flow tubes and are, greatly appreciated. 
Professor Pardoe’s test work in particular is a material contribu- 
tion to the performance of one Gentile-Flow tube for flow condi- 
tions departing from the ideal. There are one or two points of 
his discussion that can be clarified slightly. 

In Professor Pardoe’s test results the performance of the two 
types of metering elements are compared on the basis of equal 
pipe diameters between the disturbing element to the inlet flange 
of the meter. This ignores the fact that the Gentile-Flow tube is 
much shorter than the Herschel Type Venturi Meter. If the 
comparison of performance were to take this into account the 
Gentile tube should be credited with the difference in length of 
the meters taken up with straight approach pipe between the dis- 


turbing element and the inlet flange of the meter. If this.were. 


done it would tend to reduce the magnitude of the deviations for 


5 Vice-President, Builders Providence, Inc., Providence, R. I. 
® The Bristol Company, Waterbury, Conn. 
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the Gentile Tube indicated in Professor Pardoe’s table and make 
the comparison with the Venturi meter more favorahle. 

In test No. 11, the effect of pipe wall roughness on the perform- 
ance of the flow tube is indicated, with a blank indicated for 
the performance of the Venturi. In our opinion the introduction 
of the sereen wire along the wall of the pipe for several diameters 
upstream simulates to a degree the roughness effects that can be 
produced by tuberculation. The effect’ of pipe wall roughness 
on a Venturi coefficient was shown in one instance in a paper 
presented by Prof. C. M. Allen and the author, entitled, “Venturi 
and Weir Measurments.’”’ This paper was printed in Mechanical 
Engineering for June, 1935. It was shown at that time that the 
average Venturi coefficient for a 36 X 16 in. Herschel type meter 
started at .975 for a 36 X 16 in. Venturi meter when the penstock 
was clean. As the penstock and meter became more rusty the 
coefficient of the Venturi gradually dropped off to .954 in a period 
of 12 years. .In 1934 a mossy growth was found developing in the 
penstock starting 25 ft upstream from the meter. The presence 
of this mossy growth dropped the coefficient from .954 to .945. 
Washing the moss from the penstock without disturbing the 
tubercles brought the coefficient back to the previously cited 
value of .954. 

In the discussion of this paper Professor Pardoe cited the effect 
of tuberculation on a 12 X 6 in. Venturi meter in his own labora- 
tory where the coefficient decreased frém .976 with a clean pipe 
to approximately .962 for a tuberculated pipe after a period of 
approximately six years. It is seen therefore that there is some 
effect on a Venturi meter due to pipe wall roughness extending 
upstream. In this case, as in most of the other cases cited by 
Professor Pardoe, the effect on the Venturi coefficient is considera- 
bly smaller than the effect on the flow tube. 

With respect to Mr. Gentile’s use of the log-log plot of the de- 
flection versus discharge for a flow tube, such a plot is customarily 
used to check an exponential formula. As Mr. Gentile points 
out, it is frequently found in hydraulics that by using a decimal 
power slightly different than a square or a square root, a formula 
is obtained in which the coefficient remains constant. The objec- 
tion to this approach is that a formula involving a decimal power 
is usually less convenient to handle-than one efmploying an even 
power. That, of course, is a matter of personal convenience and 
opinion. A log-log plot has a further advantage in that the re- 
sults are presented with a constant accuracy, that is to say, a 10 
per cent deviation from the curve at the lower range looks just as 
large as a 10 per cent deviation in the upper range which would 
not’ be true where deflection is plotted against discharge in rectilin- 
ear co-ordinates. Plotting the coefficient of the Venturi formula 
against throat velocity or Reynolds number also provides a curve 
in which deviations*are shown with uniform aecuracy over the 
range. In Professor Pardve’s presentation of coefficient values a 
space of one-half inch is customarily used to indicate « difference 
in coefficient of 1 per cent. To have a log-log plot of deflection 
against discharge indicate deviations with the same clarity would 
require a base length of 50 in. per cycle. It is seen, therefore, 
that where the presentation of results is to be made with a given 
constant accuracy the coefficient against throat velocity is a 
much more compact method than the log-log plot. 

In closing, the valued discussions presented confirm the state- 
ment in the conclusion of the original paper that many more 
tests should be made before the coefficient of a Gentile flow tube 
can be predicted for various installation conditions. At the 
present time we quite agree with Mr. C. G. Richardson that the 
performance of a flow tube must be based upon a calibration 
duplicating the flow conditions of the final installation. Once 
calibrated, however, a Gentile-Flow tube should maintain its 
operating curve subject only to the effects of roughening of the 
pipe wall as stated above. E 
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Latest Technique for Quick Starts on | 
Large Turbines and Boilers 


By J. C. FALKNER,' D. W. NAPIER,? ano C.°W. KELLSTEDT,* NEW YORK, N. Y. 


The first quick starts made on the 1200-psi 900 F top- 
ping turbines at the Waterside Station were described in 
a paper‘ presented in June, 1947. The purpose of the 
present paper is to review the high lights of the earlier 
presentation and to relate the developments since then. 

\ load cycle is represented in Fig. 1. It shows late evening 
A winter peaks of about 2,500,000 kw, and minimum loads 
of approximately 700,000 kw during the 12 to 8 watch. The 
system load factor for 1948 was 53.1 per cent. The extreme 
variation in generation and also the high rate of pickup in the 
morning hours from 5 to 9 o'clock will be noted. While many 
systems have topping units similar to those on the Consolidated 
Edison System, few, if any, have this great difference between 
maximum and minimum daily loads, and are faced with the 
By 1952 
there will be a total of ten topping units on the system; six at 
Waterside, two at Sherman Creek, one at Hell Gate, and one at 
Hudsoén Avenue, with a total generating capacity of over i,000,- 
000 kw, including the power generated by their exhaust steam. 
Furthermore, the number of toppers which are now shut down 
nightly will be greatly increased in the early 1950's by the instal- 
lation at East River Station of two 120,000-kw, 1450-psi, 1000 
F General Electric condensing machines, one of which at least 
will run 24 hr a day. - 


TYPICAL Consolidated Edison System daily winter 


necessity of shutting down some toppers nightly. 


QUICK-START PROCEDURE 


The principle of the quick-start procedure is simple and con- 
sists of admitting steam into a turbine at a temperature equal to 

“or slightly higher than the metal temperature of the turbine 
steam chest. ° With the turbine generator operating at a turning- 
gear speed of 3 rpm, the turbine can then as a matter of routine 
be brought up to speed and synchronized to the bus with absolute 
safety in 12 to 15 min. The present practice is to load the unit 
in such a way that the rate of increase in the turbine steam 
chest metal temperature will not be over 100 F per hr. 

To determine metal temperature changes in the turbine struc- 
‘ture during the starts, thermocouples were installed over various 
sections of the turbine shells. 
Fig. 2 shows the locations of the thermocouples installed on 


The isometric sketch given in 


1 Manager, Electric Production Department, Consolidated Edison 
Company of New York, Inc. Mem. ASME. 

2? General Superintendent, Waterside Station, 
Company of New York, Inc. 

3 Assistant General Superintendent, Sherman Creek Station, 
solidated Edison Company of New York, Inc. 

‘Quick Starting of High-Pressure Steam-Turbine Units,”’ by 
J.C. Falkner, R. 8. Williams, and R. H. Hare, Trans. ASME, vol. 70, 
1948, pp. 201-209. 
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Meeting, Washington, D. C., April 12-14, 1950, of THe American 

Society oF MecuanicaL ENGINEERS. This paper was also presented 
at a meeting of the ASME Metropolitan Section on May 12, 1949. 

Note: Statements and opinions advanced in papers are to be 

. understood as individual expressions of their authors gnd not those of 
the Society. Paper No. 50—S-1. 
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No. 6, Westinghouse 65,000-kw unit at Waterside Station. 


Fig. 
changes in this machine during a quick and a normal start. 
Note, by observing thermocouple No. 1, how vhe quick start — 
has practically eliminated the cooling which takes place during 
the normal or slow-start method. Fig. 4 shows another isometric 
sketch of No. 7 General Electric 65,000-kw unit with the locations — 
of the thermocouples. Fig. 5 gives the comparative metal tem-_ 
perature change in No. 7 unit during a quick and a normal start. 
Again, notice in the quick start the absence of the cooling which | 
takes place during the normal start. : 

Since the presentation of the first paper the practice of quick- 
starting topping units has been continued with improved tech-. 
nique, due mostly to better synchronizing of the operators’ 
moves on the boilers, turbines, and high board. As of April 
19, 1949, the number of quick starts made on the Waterside four 
topping units are as follows: 


3 shows a comparison of steam and metal temperature — 


66 starts on No. 4—Westinghouse 53,000-kw unit 
49 starts on No. 5—General Electric 53,000-kw unit — 
36 starts on No. 6—Westinghouse 65,000-kw unit 


37 starts on No. 7—General Electric 65,000-kw unit - 
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INTERNAL ConpbITION OF Toprinc Unrr Arrer 32 Quick STARTS 


Since the advent of quick-starting of topping units in April, 
1946, the first opportunity which presented itself to observe 
the internal condition of one of these units occurred in 1948. 
It was brought about by an overhaul of No. 5 Unit at Waterside, 
a 53,000-kw General Electric machine which, when removed 
from service, had had 46,000 hr of operation between November, 
1942, and August, 1948. During this interval, No. 5 turbine 
underwent a total of 32 quick starts, 74 water washes, and 4 
caustic washes. The inspection showed the spindle, buckets, 
nozzles, and diaphragms to be in exceptionally good condition. 
There was some evidence of very light spindle-shroud rubs on 
the leading edge, and the brightness of the rubs indicated them 
to be of recent origin. The thrust-bearing clearance was normal 
or 0.015 in., but the bearing fit which supports the thrust-bearing 


housing was worn and permitted an additional 0.017 to 0.020 


in. axial movement of the spindle. Without a doubt, this wear 
together with the practice of water-washing caused the light 
rubs previously mentioned on the leading shroud edges. All 
nozzles, buckets, shrouding, and spindle were magnetically 
tested and no cracks were found. The spindie shaft, checked 


for truth, was within 0.001 in. From this inspection it was . 


satisfactorily established to all concerned that the practice of 
quick starts and water-washing did not produce any detrimental 
effect on any part of the machine. ‘ 


Quick Srarts IMprkoveE AXtaL DirrERENTIALS 


Fig. 6(a) shows the location of thermocouples on No. 5 high- 
pressure turbine. 
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Fic. 6 (a) (right) DIAGRAM SHOWING 

THERMOCOUPLES PEENED ON TURBINE 

Casinc, Unir No. 5,° 
WATERSIDE STATION 
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hic. 5 Comparison or Quick AND NorMAL Starts or Hicu- 
Pressure Unit No. 7 
during a recent quick start on No. 5 unit, also shows another 
very important factor in the quick-start procedure which could 
not be brought out in the initial presentation‘ because of lack of 
instrumentation at the time of the earlier trials. On recent tur- 
bine installations the General Electric Company has furnished a 
differential-expansion recorder. The sensing element of the in- 
strument consists of two magnetic coils mounted rigidly on the 
internal surface of the high-pressure-turbine exhaust-bearing 
pedestal with the pole faces of the coils set at given air gaps from 
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Fic. 6 (6) Tursine Merat Temperatures DIFFERENTIAL 

EXPANSION BETWEEN HIGH-PRESSURE SPINDLE AND CYLINDER 

Durinec a Quick Start, HichH-Pressure Unit No. 5, Watersipe 
STATION 


the vertical faces of the solid coupling. With the spindle fixed 
axially in the front pedestal of the machine at the thrust bearing, 
the instrument records the relative change of internal axial clear- 
ances between spindle and cylinder during any operation. Be- 
cause of its lighter mass and higher rate of heat absorption, the 
spindle length responds much faster to temperature change than 
does the heavy cylinder mass. Therefore, when a rapid cooling 
occurs, there is a possibility of rubbing on the entry side of the 
spindle blading. On No. 5 unit at Waterside Station, the differ- 
ential-expansion recorder was installed in recent months and its 
magnetic coils were set with a governor-side air gap of 0.100 in., 
and a generator-side air gap of 0.150 in. With these settings 
the governor-side clearances of the first and last-stage wheels are 
0.020 in. and 0.058 in., respectively. Note, in Fig. 6 (6), that 
there is absolutely no change in the axial relationship of spindle 
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and cylinder, thus proving beyond question that the quick- 
starting method of handling the turbine after an overnight shut- 
down is superior to the older slow-start procedure. 

Fig. 7 shows what happens to the axial clearance during an 
overnight water wash and slow start., Note that the governor 
side, or forward clearance, decreases continuously as the machine 
cools down, and then begins to increase as the cylinder starts to 
cool and shrink, thereby bringing the Axial clearance toward nor- 
mal. The latter part of the differential expansion line shows what 
would happen to the clearances of the machine if it were started 
after an overnight shutdown with the slower-starting method, 
namely, the forward clearance first increases and then gradually 
decreases as the cylinder approaches spindle temperature. 


WaterR-WASHING 
To digress a moment on the subject of turbine water-washing; 
the machines at Waterside Station foul up over a short period of 
time because of the large make-up needed to replace the steam 
sent out to the New York Steam Corporation. For several years 
it was the practice to shut down a topping unit on week ends when 
its capacity had dropped 5000 to 6000 kw, and water-wash the 
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turbine blading at 400 to 500 rpm. Later it was found that a 
good wash result could be obtained by taking the units out of 
service overnight and injecting water while the machine was roll- 
ing at approximately 1000 rpm, gradually bringing the steam 
down to a saturation temperature, holding it saturated for 1 or 
2 hr, and then gradually shutting off the water, bringing the ma- 
chine up to speed, and increasing the steam temperature at a rate 
of 100 F per hr. 


av SHERMAN CREEK 

Success of the quick starts at Waterside Station led to further 
trials at Sherman Creek, where two 50,000-kw, 1600-psi, 950 
F high-pressure units Nos. 9 and 10 are in operation. No. 9 
unit is a Westinghouse machine which was installed in 1943, and 
No. 10 unit is a General Electric machine which was put in serv- 
ice in 1947. Each is supplied by a single boiler, rated at 
1,000,000 Ib of steam per hr. 

All the quick starts made up to the present time at Sherman 
Creek have been on No. 9 unit, the first one being made on 
April 23, 1948. Since that time there have been 25 quick starts 
on this unit. No quick start has been made to date on No. 10 
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unit because of boiler ignition difficulties. Experience at Water- 
side and the initial start at Sherman Creek indicated that it 
was not necessary to record any other temperatures but those of 
the steam temperature entering the turbine and the tempera- SHERMAN CREEK STATION 


ture of the outside metal of the governing valve chest ahead of NO. 90 BOILER 
the turbine nozzles. This latter point—point No. 2—is shown in 7 


Fig. 8. 
Fig. 9 shows a section of No. 90 boiler. The steam passes from 
the superheater-outlet header to the turbine with only the tur- 
bine throttie in the circuit. Note the location of thermocouple 
No. 1 which gives the temperature of the steam entering the tur- 
bine and of the size of the drain line ahead of the throttle valve. 
The boiler is tangentially fired with pulverized coal from three | 
mills, each mill supplying one burner in each corner so that the 
four bottom burners are supplied by one mill, the four middle 
burners by the second, and the four top by a third. 
Quick-starting of the single boiler unit at Sherman Creek intro- : 
duced a different problem from that experienced at Waterside. ’ (| 
The steam flow required to roll the topping turbines at full speed 
at Waterside is approximately 200,000 Ib of steam per hr, and, | 


at Sherman Creek, it is approximately 250,000 lb per hr. How- —40lL_ BURNERS [ MK t 
ever, Waterside has had very little difficulty in obtaining a steam yi L hh ‘i 
temperature at the start equal to that of the metal at the inlet of f . | | I]; 


the turbine, because only one of the two boilers per unit is used at 
that time, and full-speed-no-load steam flow represents approxi- 
mately 40 per cent of the full load rating of the Waterside boilers 
However, at Sherman Creek, the full-speed-no-load steam flow is l 
only 25 per cent of the full load rating of the boilers. This q tl 
means that during the rolling period the superheater-outlet steam , 7 
temperature at Sherman Creek is much lower than that obtained 
with the same flow on the smaller boilers at Waterside. 

Fig. 10 shows the results of a slow start on No. 9 unit after a hi _ i 
4-he shutdown. The rolling time after such a shutdown was 1 il 
hr, and it can be seen that, after the throttle was opened and dur- HV 
ing the initial rolling period, the steam-chest metal temperature 
dropped during the first 35 min from 825 F to 570 F, or a total 
of 255 F, or again at a rate of 436 F per hr. It is also to be 


| 
| 
noted that the temperature fail was reversed 12 min after it had aa 
crossed the throttle-steam-temperature curve and rose from THROTTLE | 
then on at approximately the same rate that it had fallen. , VALVE | 
The quick-start procedure first used at Sherman Creek was 
similar to that at Waterside, but the firing of the boiler prior to Fic. 9 No. 90 Borter, SHerMan Creek Srarion 
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the rolling of the turbine was purposely made intermittent in 
order to avoid a sudden increase in boiler pressure, which would 
have resulted in a saturation-temperature rate of rise in excess 
of 100 F per hour which, according to the boiler manufac- 
turers, would produce objectionable stresses in the walls of 
the boiler drums. The mill supplying the upper burners was 
used in order to obtain as high a gas temperature as possible, 
entering the superheater. 

Results of the first quick start made on this unit are shown in 
Fig. 11. The steam-chest temperature dropped 106 F from 
676 F to 570 F in the first 10 min of the rolling period and then 
increased from 255 F to 825 F in the following 35 min. This 
was an improvement in the magnitude of the temperature drop, 
partly because of the fact that the steam temperature at the start 
was 675 F or 150 F lower than on the afore-mentioned normal 
start, but there was no improvement in the temperature rise, this 


being still at the rate of 437 F per hr. This indicated the 
' necessity for altering the procedure so that the steam tempera- 
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ture would be increased as rapidly as possible until the steam- 
chest temperature was on the upward trend, and then doing 
everything possible to keep this température rise at a slow rate 
after reaching that point. This was achieved by deliberately 
lowering the temperature of the steam leaving the boiler before 
the unit was taken off the line to obtain a lower turbine steam- 
chest temperature for the next start, and then using high excess 
air in order to obtain a larger volume of gas at a higher tempera- 
ture entering the superheater before the throttle was opened. 
In order to slow down the temperature rise after the throttle was 
opened, the air flow was decreased and the mill supplying the 
lower burners was started, in place of the one supplying the upper 
burners, after the steam-chest temperature had begun its upward 


- turn. 


The improvements resulting from this procedure are shown in 
Fig. 12, which is the result of another start where the initial tem- 
perature of the steam chest was 650 F and the temperature reduc- 
tion was only 40 F to 610 F after the throttle was opened. 
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The temperature rise was 105 F in the first 20 min and only 
200 F in the first hour. This of course was still not an ideal 
start, as it would have been preferable to have the temperature 
of the turbine at the time of its shutdown closer to its normal 
operating temperature. Then, if the initial steam temperature 
could have been brought up to this higher turbine-metal tempera- 
ture at the start, the turbine-metal temperature change, from 
shutdown to load, would have been at a minimum. However, it 
had not been possible to obtain starting steam temperatures much 
above saturation up.until this time. 

It is felt that, due to the superheater design which is of the 
pendant type, steam condenses in the superheater elements dur- 
ing the bottled-up period, with the result that all but a few of the 
elements are full of water when it is time to start the unit. The 
steam drain provided in the main steam lead is too smail to per- 
mit sufficient mass steam flow through the superheater to blow 
out the accumulated water and permit the superheater elements 
to act as designed, rather than as evaporating elements. As a 
result, the boiler pressure rose rapidly and soon reached a point 
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where the turbine throttle valve had to be opened, although the 
steam temperature was not vet equal to the turbine-metal tem- 
perature. 


I.XPERIMENTAL BURNERS ApbED TO No. 90 BorLerR 


In an effort to increase this initial steam temperature, advan- 
tage was taken of openings which had been provided originally 
in the upper part of the furnace of No. 90 boiler for additional coal 
burners but were never used. Four oi! burners were installed 
here, and these are shown in Fig. 9. It was thought that much 
higher steam temperatures would result and that the evapo- 
ration rate in the furnace walls would be cut down if the oil burn- 
Tests 
were made using these oil burners alone before a quick start was 
made and disclosed that a steam temperature of 900 F could be 
obtained with a steam flow of 220,000 Ib per hr. 

The results of a typical quick start using the oil burners are 
shown in Fig. 13. Here the initial steam-chest temperature was 
allowed to be much higher than had been the usual practice, or 


ers were used at the start rather than normal coal firing. 
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720 F, and the rolling time was cut down to 10 min. The tur- 
bine metal temperature drop was from 720 F to 670 F or 50 F,. 
and the rise was 100 F in 23 min and only 150 F in the first 
hour. As can be seen on the chart the steam temperature at 
the start was still only about 20 F above saturation, despite 
the use of the oil burners, and this temperature increased rapidly 
only after the throttle was opened, rising 105 F in the first 
5 min. At the present time an additional by-pass around the 
turbine is being designed so that the superheater will be cleared 
of water, and the desired steam temperature will be obtained be- 
fore opening the throttle. When this is installed the problem of 
steam-temperature control during starting will have been 
solved 

* Fig. 14 shows the comparison of quick starts with and without 
the auxiliary front-wall oil burners. . 
Before closing the subject of quick starts on topping units, it 
must be emphasized that the rapid machine accelerations advo- 
cated in this paper apply only when the metal temperature of the 
high-pressure sections of the turbine have not fallen below the 
minimum of the range of the boiler steam-temperature control. 
In other words, after extended shutdowns the rolling time should 
be controlled by the time required to bring the temperatures of 
the high-pressure sections of the turbine up to the minimum 
steam temperature obtainable from the boiler at the rate of 100 
F per hr. It is only when this condition of metal and steam 
temperature is fulfilled that the unit can be decelerated in approxi- 
mately the same manner as practiced for quick starts. In the 
extreme case where a machine has been shut down for such # 
length of time that all its component parts havé reached room 
temperature, this preheating must be done slowly on account of 
the large temperature differential existing between the turbine 
parts and the incoming steam. This initial heating may take 
several hours. 


SHORTENING STARTING TIME ON Low-PRESSURE CONDENSING 
Units 


After the success of quick starts on topping units, consideration 
was given to shortening starting time on low-pressure condensing 
units all of which operate at throttle pressures between 400 psi 
and 200 psi. 
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A very completé paper® on the subject of short starting of con- 
densing units was reported in 1948, by H. P. Dahlstrand of the 
Allis Chalmers Company, to the Committee on Power Gen- 
eration of the Association of Edison Illuminating Companies. 
In this paper the author summarized the requirements for short 
starts on condensing units as follows: 


1 Keeping steam temperature’as close to the normal as is prac- 
tical during the removal of the load until the closing of the throttle 
valve. 

2 Having the turning gear in operation during the whole of 
the shutdown period. ; 

3 Maintaining temperatures of the turbine structure as close 
to shutting-down temperatures as practical until the unit is 
again started. 

4 Checking the temperature at the inlet and the exhaust of 
the turbine structure. 

5 Temperature of steam from the boiler should be about 100 
F above the temperature of the cylinder at the inlet point. 

6 Condensing equipment should be started before steam is 
admitted and cooling sprays in exhaust started at the same time.’ 

7 Open the throttle valve and bring the turbine up to speed, 
synchronize, and put 10 to 25 per cent load on. During this time 
bring the vacuum up as fast as possible.. The actual time Tor 
this operation should be determined with relation to the increase 
in steam temperature. 

8 Increase the load at the specified rate and at the same time 
maintain the specified rate increase in steam temperature. 


Mr. Dahlstrand showed actual starting time on an 80,000-kw ~ 


reheat unit of 80 min and stated that this starting time was limited 
by the time required to obtain the necessary vacuum. The 
authorsums up his paper with the sentence, “The starting time after 
short shutdowns is largely dependent upon the control of inlet 
steam temperature and vacuum, which means that any starting 
procedure for a given steam-turbine generating unit must be 
worked out with full consideration of the boiler and condenser 
characteristics,” 

The first Consolidated Edison Company low-pressure condetis- 

5“Frequent Ptarting and Shutting Down of High-Temperature 
Steam Turbines,” by H. P. Dahlstrand, February, 1948. 
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ing machine on which quick-start trials were made was the No. 4, 


160,000-kw, taindem-compound, General Electric unit at East 
River Station. Fig. 15 shows the location of thermocouples 
throughout the machine. Note particularly the thermo- 


couples which are located in the path of the steam exhausting 
from the last wheels of the unit, because, in later illustrations, the 
temperatures recorded at these points are of considerable interest. 
Jn the early history of this machine which was initially operated 
‘in September, 1929, before the advent of turning gears, the prac- 
tice was to take 2'/, hr to start, even after an overnight shut- 
down. While this practice is no longer in vogue since the instal- 
lation of a turning gear, a test start run was made recently to 
learn what temperature changes took place throughout the ma- 
chine during a 2'/,-hr start. Fig. 16 shows that, under this early 
starting method, the rates of temperature changes at the high- 
pressure end of the unit were very gradual. The sudden increase 
and decrease in temperature on point 6 while the machine is being 
loaded after about 10 hr of elapsed time is due to the high-pres- 
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sure gland leak-off being connected to the bleed piping at a point 
between the 21st stage bleed in the cylinder and the bleed valve. 
This sudden rise in temperature is due, therefore, to the pressure 
building up in the high-pressure packing as load increases on the 
machine and hot steam flowing from the packing into the bleed 
belt with the bleed-valve shut off. The sudden drop occurs when 
the bleed valve is opened, and the leak-off steam is diverted to 
the heater. 

The shutdown indicated in the rolling period in Fig. 16 was a 
part of the Consolidated Edison procedure to preheat some of its 
generator fields before bringing these machines up to speed. 
During the brief shutdown period, the centrifugal force which 
locks the field coils is relieved and these coils are permitted to ex- 
pand freely to their desired length. This has the double ad- 
vantage of eliminating the possibility of stressing the coil ma- 
terial beyond its elastic limit in the coil sections embedded in the 
field slots and of reducing field end-turn distortion. Recently 
this procedure was changed on this machine, and the present 
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practice consists of doing all the preheating while the unit is on 
turning gear before starting. 

Fig.17 shows the extreme temperature changes whie i occurred 
during the starting cycle under the original starting procedure, 
due to the low vacuum and the reheating of the steam in the ex- 
haust by windage from the large exhaust wheels, which on this 
machine have a tip speed of 1015 fps. In the early days it was 
the practire to build up the vacuum slowly as shown by the 
vacuum curve. Note the two sudden decreases in vacuum when 
steam is admitted to the turbine. As the spindle accelerates, ob- 
serve that the temperature of steam entering the condenser rises 
rapidly, reaches a temperature corresponding to condenser vac- 
uum, and then begins to be reheated, finally reaching a maxi- 
mum temperature of 340 F. The temperature of the exhaust 


steam 1'/; in. away from the last stage wheels reaches approxi- 
mately a maximum of 390 F. These maximum temperatures are 
followed by very sudden decreases in temperature at a rate of 
about 800 F per hr as the vacuum is rapidly established, after 
the machine has been synchronized and sufficient steam flow 
passes through the turbine to cool the buckets. With this rapid 
cooling it is surprising that no casing cracking had been experi- 
enced under the induced thermal stresses, when considering that 
the exhaust sheils are made of thin cast-iron sections and very 
heavy flanges. Perhaps modern-day: limitations of 100 F tem- 
perature change per hr as suggested by some manufacturers are 
overconservative. 

After a turning gear was installed on No. 4 at East River in 
November, 1939, to keep the spindle turning during shutdown 
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and assure a minimum eccentricity at time of start, the starting 
time was reduced to 1'/, hr. Fig. 18 shows the high-pressure- 
cylindér temperature changes during this shorter start. Note 
the same occurrence of a sharp rise‘ind fall in the bleed-belt tem- 
perature as reviewed in the figures covering the 2! 
Points 2 and 3 show a somewhat more rapid rise in temperature 
at the high-pressure end of the machine than in the 2'/;-hr start, 
due to more rapid loading f6r a short period. 

Fig. 
Again, note the reheating of the steam, which reaches a maximum 
of 365 F with the machine at full speed just prior to loading. As 
in the case of the 2! ‘-hr start, there is cooling of the exhaust end 
at the high rate of 800 F per hr. 


ohr start. 


19 shows the exhaust-end condition for the 1'/.-hr start. 


‘TEMPERATURES, 


30-Min Start, Unir No. 4 


Fig. 20 shows the temperature changes which take place in the 
high-pressure element during a */¢hr start to be quite gradual. 
Note that point 6 shows no sudden rise and fall in temperature as 
in the case of the 2'/.-hr and 1'/.-hr starts, owing to the bleed 
heater being in service during all of the rolling and loading period. 

Fig. 21 shows the temperature and vacuum changes at the 
exhaust end of the unit. The exhaust temperature again rises and 
falls rapidly but takes place during «a shorter time interval. 
However, it is to be noted that the peak temperature reached is 
approximately 30 to 40 F lower than in the case of the 2!/.-hr 
start. 

Fig. 22 shows’ the temperature changes in the high-pressure 


evlinder during a '/:-hr start. Again, there are no excessive 
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rates of temperature change in the high-pres- 
sure end of the machine. Note the sharp rise 
in temperature of point 6 on the 21st stage 
bleed belt while the companion point 7 re- 
mains relatively constant. During this start, 
the 2Ist-stage heater was out of commission 
for repairs, and the high-pressure packing 
-leak-off is reheating the steam in the 2Ist- 
stage bleed belt. Consideration is being 
given to making supplementary piping con- 
nections so that this uneven temperature 
condition in the low-pressure cylinder can 
be avoided. 

Fig. 23 shows the low-pressure-end condi- 
tions during this half-hour quick start and, 
again, there is the pronounced rise and fall 
in temperature of the last-stage buckets. 

Fig. 24 shows a comparison of the ex- 
haust-end heating and cooling characteristics 
during all of the starts, and the gradual fall- 
ing of the peak temperatures at the last-stage 
buckets as the starting time is shortened. 

CONCLUSION 

It has been calculated that if quick-start- 
ing could be reduced’to 15 min or less on all 
topping and condensing machines on the 
Consolidated Edison System, an annual saving 
of approximately $250,000 would result. This 
saving is made up of auxiliary power, stack 
and river losses, and fuel fed to the furnaces. 

In addition to the operating saving just 
mentioned, there are many practical operat- 
ing advantages which result from quick- 
starting. A notable instance occurred. on 
August 27, 1948, when the Manhattan Cooper 
Square network was de-energized because of 
failures of generator cables in Waterside No. 2 
causing a simultaneous outage of three out of 
the four topping units in this station. As 
soon as the first generator cables were tem- 
porarily repaired on unit No. 4, this machine 

“was brought up to speed and was generating 
power in less than 15 min, and the network 
re-energized. If the old original 3-hr start had 
still been in vogue at the time, fhe network 
would have remained out of service at least 
2'/, hr longer. 

On April 18, 1949, with simultaneous forced 
outages of the two,topping units at Sherman 
Creek, No. 9 unit was restored to service in 
22 min, after having been shut down for 11 
hr. 

To a certain extent, the short starting 
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time relieves the focus their main attention on only one machine, instead of several. 


problem on the turbine-room floor of each station in the early It is fully expected that the starts discussed in this paper ulti- 


morning. 


mately will be reduced to 5 min or less and. will be followed by 


At that time it is customary to have two or three machines in _ faster rates of loading in the first few minutes, thus reducing the 
the process of slow rolling preparatory to their going on load. heating and cooling of the exhaust ends. Work is now in progress 


t machines in service one after the other. 


With the quic k-starting technique perfected it would be possible — on quick-starting of all the various types of condensing machines 
Fewer men could — on the system 
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As stated in the previous papers,® the principle of the quick- 
start procedure is simple, and consists of admitting steam into a 
turbine at a temperature equal to or higher than the metal tem- 
perature of the heavy section of the machine. The purpose of 

matching these temperatures is to eliminate or minimize prac- 
tically all of the thermal shock coincident with the start of a 
virbine generator. The degree of success obtained in this direc- 
tion is shown in Fig. 25 of this supplement, in which the data for 
‘ quick starts, transposed from Figs. 3 and 5 of the paper, are com- 
* ‘pared with the most recent data obtained on units Nos. 6 and 7 
at Waterside Station. It can be seen that with experience and 
better co-ordination of sequential operations during the start, an 
even closer matching of the temperatures of the incoming steam 
and of the turbine shell is now realized. 
The first 15-min quick start was made on No. 4 Westinghouse 
topping unit at Waterside on June 25, 1946. Since that time 


® The original paper on quick starting of boilers and turbines was 
delivered before the ASME Semi-Annual Meeting, Chicago, IIL, June, 
1947, as paper No. 47—SA-18. (See Trans. ASME, vol. 70, 1948, 
pp. 201-209.) A second paper, which was a review of the prog- 
ress made since the first one was written, was presented at an 
ASME Metropolitan Section Meeting in May, 1949, and again at the 
1950 ASME Spring Meeting, as paper No. 50-—S-1. The material 
contained in the supplement was not available for inclusion in the 
preprint for the 1950 ASME Spring Meeting and has been added in 
the final publication. 
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and up to March 15, 1950, over 1000 quick starts as shown in 
Table 1 have been performed without the slightest indication of 
trouble. 
TABLE 1 


RECORD ICK STARTS TOPPING AND CON- 


SING MACHIN 
No. of 
quick 
Unit Station Manufacturer Description starts 
Units 
No.4 Waterside Westinghouse 53 Mw 1200 psi 925 F 106 
No. 5 Waterside General Electric 53 Mw 1200 psi 925 F 79 
No.6 Waterside Westinghouse 65 Mw 1250 psi 025 F 76 
No.7 Waterside General Electric 65 Mw 1250 psi 925 F 530 
No.9 Sherman Westinghouse 50 Mw 1600 psi 950 F 53 
Creek 
Total number of quick starts on topping machines. .. 367 
CONDENSING UNITS 
No. 14 Waterside General Electric 60 Mw 185 psi 500 F 74 
No. 15 Waterside General Le lectric 60 Mw 185 psi 500 I 106 
No.1 East River General Electric 60 Mw 400 psi 725 F 782 
No.2 East River General E ‘lectrie 60 Mw 400 psi 725 F 894 
No.4 East River General Electric 160 Mw 400 psi 725 F 270 
No. 1 Hudson Ave. General Electric 50 Mw 265 psi 611 F 6 
No. 4 Hudson Ave. Westinghouse 80 Mw 425 psi 725 F 26 
No.5 Hudson Ave. Westinghouse 110 Mw 425 psi 725 F 47 
No.6 Hudson Ave. Westinghouse 110 Mw 425 psi 725 F 57 
Total number of quick starts on condensing machines... 753 
Total number of quick starts on topping and condensing 
* In addition to the 15-min starts listed for units Nos. 1 and 2 at East 
River Station, there have been 617 and 552 30-min starts respectively, 


since July 17, 1947. 

Since the 1947 paper,® ten machines have been added to the 
list of those on routine of quick starting after overnight shut- 
downs. All of the units listed are started in 15 min with the ex- 
ception of No. 4 tandem-compound 160,000-kw condensing unit 
at East River Station which is now started in 20 min. Reducing 
the quick-start time of this large tandem-compound unit from 
the 30 min, as given in the present paper, hasstill further improved 
its starting-up operation. 

The decision to shorten the rolling period of a unit is not taken 
arbitrarily. On the contrary, data including the shell-metal 
temperature gradient, expansion, vacuum, and the operator’s 
observations on the normal long-roll start are first carefully 
studied. If there is nothing in the data that shows it would be 
detrimental to shorten the starting time, instructions are issued 
to make the next start in 10 to 15 min less. Again, the record of 
the shorter start is analyzed and a second shortening of time is 
This procedure is repeated until the time is finally re- 
duced to 15 min, 


made. 


We limit the starting time to 15 min because it is felt this is the 
minimum Which still gives the operator a comfortable period to 
observe the machine as it accelerates. Fundamentally, in so far 
as the unit is concerned, it is believed that it could be accelerated 
as fast as dry steam can be supplied to it. 

The first application of the quick-start procedure on one of our 
cross-compound machines was made on No, 
110,000-kw, 425-psi, 
i950. Fig. 
together with the location of the test thermocouples. 


6 Westinghouse, 
Hudson Avenue 
26 shows a cross section of each element 


725 F condensing unit at 
early in 
The ma- 
chine receives its steam from a common header system, which is 
an ideal arrangement for quick starting because the steam tem- 
perature at the start is at all times above that of the metal parts of 
the front end of the high-pressure turbine, assuming, of course, that 
one or more boilers are operated in the station throughout the 
night. The high-pressure element of this unit is also well suited for 
In this 
type of machine only the nozzle block or steam bow] is exposed to 
high temperatures during starting. 


quick starting because of its double-shell construction. 


The main eylinder structure 
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is in contact with steam which is at a relatively low temperature 
after having expanded through the impulse section. Hence the 
temperature of the governor end of the high-pressure cylinder, as 
indicated by points 3, 4, 5, and 6 in Fig. 27, shows no appreciable 
change in the long slow roll period so that nothing is being ae- 
complished in so far as expansion or contraction of the high-pres- 
Points 11, 12, 13, and 14, the former 
two in the exhaust shell and the latter two in the steam path 
immediately adjacent to the exhaust of the la«t-stage wheel, indi- 
cate peak temperatures in the metal of 195 F 
path of 335 F. 

Fig. 
during the 15-min quick start, indicates even less change in high- 


sure cylinder is concerned. 


and in the steam 
28, which shows the comparative temperature conditions 


pressure shell temperatures than occurred during the long slow 
roll, and the peak temperatures previously referred to in the low- 
pressure element have been lowered to 165 F and 290 F, respec- 
tively. 

While the common header system lends itself to quick starting 
by delivering steam which is always hotter than the turbine shells, 
such is not the case on unit svstems because the steam tempera- 


110-Mw Cross-CompouND WestincHouse Unrr No. 6, 
(1800 rpm, 400 psi, 730 IF.) 


1950 


4 
6 


ture leaving the superheater of our unit boilers is always lower 
than desired until sufficient mass gas flow and gas temperature 
can be attained at the superheater. In this respect it is well to 
remark here that one of the fallacies in the thinking of many 
operators is that little or no metal stress develops in the turbine 
when the unit is started immediately after an accidental shut- 
down, Test has demonstrated that even after a shutdown of a 
few minutes, the turbine temperature may be several hundred 
degrees hotter than the entering steam on restarting. Under this 
condition the turbine spindle with its higher rate of heat transfer 
cools off faster than the turbine shell, and a pou forward 
axial rub may result. 

By the summer of 1950 we shall have installed on all of our 
single-boiler single-turbine topping units, turbine by-passes so 
that steam will be introduced into the turbine only when it 
reaches a temperature 50 F to 100 F hotter than the turbine shell. 
This design feature, besides taking caré of the temperature rela- 
tion on quick starting, will also handle the operating condition 
of restarting immediately after a brief outage of a few minutes. 

In 1949 Messrs. Stanford Neal of the General Electric Com- 
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Unit No. 6, Hupson AveNveE STATION 


Company, will add to the present knowledge of quick starting and 


Pol : faster loading of turbines. 
ry 406 
Quick Startinc.or Tursines Arrer Weekx-Enp Saurpown 
‘ All of the turbine quick-starting investigations which we have 
1700 made to date and reported in our previous papers* have been 
3 based on starts after overnight shutdowns. 
400 Recently, after a week-end shutdown we had an opportunity to 
be observe the changes which occurred in No. 9 turbine at Water- 
= side while quick-starting its boiler. 
Fig. 29 shows a cross section of this 50,000-kw, 1600-psi, 950-F 
: Westinghouse topping turbine, together with the locations of the 
ly thermocouples used during this quick start from cold test. 
: 8 Z | F F H Fig. 31 shows the turbine metal temperatures, pressures, speed, 
s00 2 300 3 and differential-expansion readings obtained. Relatively low 
{\/\ rates of metal-temperature rise occurred in the turbine metal 
N | | structure during the rolling period. However, as the load was 
increased at the rate of 1 mw per min above 13,000 mw, the im- 
pulse chamber pressure and temperature rose very rapidly; the 
wes 2. latter temperature, represented by point No. 9, increased at the 
ON TURNING sean rate of 450 F per hr. Point No. 8, located on the outer skin 
~ of the massive horizontal flange of the main cylinder joint in line 
<< axially with point No. 9 in the impulse chamber, shows an extreme 


temperature lag. Very high compression stresses occur at the 
inner main-joint surfaces as the result of this marked tempera- 


* ture gradient across the joint face, and the manufacturer is 
any 8S. Re » Public Service Electric Gas 
pany and V. 8. Renton of the Public Service Electric and Ga: studying the problem. 


Company of New Jersey presented’ the results of extensive tests The differential-expansion curve shows that the axial clearances 
made baeshe-desiaad 100,000-kw condensing unit installed in the Essex between the cylinder and spiridle increased by only 50 mils during 
ee ee ee nite a has the rolling period. As the unit was loaded, the exhaust-end tem- 
y oura » find in the autho scussion a confirma- . . 

tion of our belief that the quick-starting procedure imposes less — to seduce 
strain on the turbine structure than does the starting method 
commonly practiced in the industry today. Lt is our hope that Suurrinc Down Srartine or Hicu-Pressure Borers 
tests of this sort by other operators, as well as the endorsement 
given by Mr. Dahlstrand of the Allis-Chalmers Manufacturing 


7 “Operating Characteristics of the 100,000-Kw Essex Turbine 
Generator,” by Stanford Neal and V. 8. Renton, Trans. ASME, vol. %#utdowns when the boiler pressure is reduced either to zero or to 
a very low value. This boiler-starting condition is entirely dif- 
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Now that we have the turbine and boiler procedure for quick 
starting after overnight shutdown satisfactorily solved, we are 
looking into the problem of starting boilers and turbines after 
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ferent from that of a boiler which has been bottled up near oper- 
ating pressure for an overnight shutdown. In this latter case 
the boiler is brought up in only a few minutes more than the 15 
min required for the turbine. 

We have always felt that the present starting time from the 
cold condition, as recommended by the manufacturers of boilers, 
is much too long to fit into our operating cycle. Therefore we 
have made studies to determine temperature changes which occur 
in high-pressure boilers during such cycles and for that purpose 
installed thermocouples as shown in Fig. 30, on Waterside No. 90 
Combustion boiler which is designed for 1,000,000 Ib of steam per 
hr at 1800 psi and 950 F. 

From the data obtained it was observed that during an over- 
night shutdown of No. 90 boiler when the drum pressure was 
purposely allowed to fall to 300 psi, a large temperature differen- 
tial occurred between the top and bottom of the boiler-drum 
metal. In Fig. 32, which represents one of these tests, it will be 
noted that this differential attained 130 F for the 60-in. drum 
and 50 F for the 54-in. drum. 

On another shutdown prior to a 3-day outage for boiler repair, 
during which the cooling of the boiler was accelerated by running 
the induced-draft fans, a spread of 170 F was noted in the metal 
temperatures at the top and bottom of the 60-in. drum. 

However, in all our tests-it was consistently observed that no 
appreciable drum-metal temperature differential was created 
during the starts of No. 90 boiler. 

After reviewing these observations, the manufacturers indicated 
more concern about the drum stresses in shutting down than in 
those which might be induced by a proposed faster-starting cycle. 
They also agreed with our opinion that the reason the bottom of 


the 60-in. drum was cooling faster than the top was due to the 
introduction of feedwater which is cooler by several hundred 
degrees than the on-line feed temperature after the mills were 
eut out, due to loss of heat from the economizer and the turbine 
bleed heaters. To reduce this metal difference between the top 
and bottom of the drum to less than the manufacturer’s recom- 
mended 100 F, a is now the practice to fill the drum immediately 
after firing ce: ‘ 

With the assurance that only minor drum-metal te mpe rature 
differences exist in a normal start, as shown in Fig. 32, it was 
then decided to quick-start No. 90 boiler which had cooled to 
room temperature after a 3-day outage. 
reached after further reasoning that: 

(a) There was no likelihood of rolled joint leakage in starting 
because the thin wall tubes expand Taster than the heavier header 
and drum walls. 

(b) There was no danger of superheater elements overheating 
because thé nondrainable superheater tubes trap water which 
acts as a cushion by evaporation and keeps the superheater tubes 
cool during the initial period of the start. . 

The first quick-start test was run on February 5, 1950, and the 
starting time’from cold was reduced from 7 hr to 3'/: hr. Fig. 33 
shows the pressures and temperatures obtained during this quick 
start. 

In this test, normal firing rate was increased on the basis of 
raising the drum pressure at a rate that would increase saturation 
temperature at approximately 150 F per hr. As can be seen 
from Fig. 33, the maximum drum-metal temperature differential 
never exceeded 35 F. The superheater-metal temperatures did 
not reach excessive values and, as a matter of fact, the tem- 


This decision was 
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peratures of the hot gases (not shown on the illustration) surround- 
ing the superheater tubes were found to average 850 F which is 
lower than anticipated and within safe values. 

After every stop and start we are obtaining new information 
that leads us to believe that boilers can be started from cold 
much more rapidly than has been the practice in the past, and 
more rapidly than is at present recommended by the boiler manu- 
facturers. We believe the quicker starts impose no greater strain 
in the boiler structure than the slower starts. 

A potential cause of boiler extended outages ever-present in our 
system is due to the frequent shutting down of high-pressure units 
at night. As a result of these repeated shutdowns, leakages 
occasionally occur at the tube rolled joints in the bottom-wall 
header. We feel that this type of trouble could well be elimi- 
nated on new boilers by welding stub-end tubes into the header at 
the factory. The number of header handholes would thereby be 
decreased by 75 to 85 per cent and would greatly reduce the pos- 
sibility of gasket leaks. This is of importance to us because one 
leak may cause the outage of a 1,000,000-lb-per-hr boiler for 24 to 
36 hr. Additional original shop or field construction, if anv, to 
obtain welded stub design, therefore, would amply pay for itself 
by preventing a few outages. 


CONCLUSION 


The conclusion in the present paper enumerates the benefits 
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uecruing to the Consolidated Edison System as the result of quick 
starting after overnight shutdowns. 

There now can be added to these the time gain of 3 to 4 hr on 
every occasion that a high-pressure boiler is removed from service 
and its pressure relieved for inspection and maintenance. 

Our investigation of reducing the starting time of boilers from 
a cold condition has been conducted for a relatively short period, 
but we have every reason to believe that starting can be done at 
a much faster rate than that now advocated by the manufac- 
turer. 


Discussion 


A. A. Casey.’ On the topping turbines at Waterside and 
Sherman Creek Stations the temperature-control problem ap- 
pears to be at the head end where there was rapid cooling of the 
steam-chest metal by the steam admitted for rolling, and subse- 
quent heating of the metal as the speed was increased and load 
was applied. In contrast, on the condensing turbine reported on 
at East River Station, there was little change in metal tempera- 
ture at the head end during the rolling period. The problem of 
control of temperatures on this turbine appears to be at the ex- 
haust end where the steam leaving the last row of blades was re- 
heated by friction from the large exhaust wheels. As pointed 
out by the authors, steam leaving the last row of blades is re- 
heated during the quick-starting, but the peak temperature is 


* General Superintendent of Steam Power, The Cleveland Electric 
Illuminating Company, Cleveland, Ohio. Mem. ASME. 
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lower, and the time interval is shorter. 
heating of metal at the exhaust end. 

Of special interest is the effect of the number and size of 
boilers supplying the steam for starting. Low steam temperature’ 
at Sherman Creek with one boiler per turbine presented a differ- 
ent problem from Waterside with two boilers of smaller size per 
turbine. In addition, the use of oil burners at Sherman Creek 
and the comments on steam condensation in the pendant-type 
superheater emphasizes that boiler characteristics must be taken 
into account in developing quick-starting procedures. It would 
be interesting to know what the boiler-drum and superheater 
metal temperatures were during the quick starts. 


As a result, there is less 
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The calculated annual savings possible with quick starting is 
$250,000. 
during normal and quick starts? 


Was this calculation based on operating data taken 
A division of this total into the 
various costs would be informative. 
The recent Prime Movers Committee report on Turbines, 
Condensers, Auxiliaries, etc., for 1946-1947 in the section on 
statements by operating companies shows that, in addition to 
Consolidated Edison Company of New York, some quick “inl 
is used or is being tested by the following: Pennsylvania Power 
and Light Company; Public Service Electric and Gas Company; 
Wisconsin Electric Power Company. 
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B, J. Cross.* A rate of increase in pressure, corresponding to a 

temperature rise of not greater than 100 F per hr has been the rec- 


ommendation of boiler manufacturers’ in bringing a boiler in serv- 
ice. Actually, the concern is not so much the rate of temperature 
rise as the uniformity of temperature throughout the boiler as it 
is brought up to operating pressure. 

This 100 F per hr rate is set as a safe figure that would not 
be expected to result in temperature differences which would 
produce undesirable stresses in the boiler parts, and particularly 
in the drum structure. It is admittedly an arbitrary figure 
and in the absence of re'iable information was set to provide a 
safe margin in consideration of differences in design and operat- 
ing conditions. 

The observance of this limit of temperature rise would require 
a minimum of about 5 hr to bring a high-pressure boiler in service 
from a cold condition. 

When boilers are taken out of service only infrequently, this 
time limit does not affect the operating economy of a station 
seriously. In fact, ¢ similar time limit has also applied to tur- 
bines, 

With a load pattern such as that of the Consolidated Edison 
Company, it is highly desirable that the time period be reduced. 
As pointed out by the authors of this paper, a substantial saving 
in operating expense may be effected and also by the advantage 
of quicker availability an improvement in customer service will 
result. 

The greatest difference in drum temperatures occurs during the 
shutdown period. The cause of these large differences has been 
determined and corrective measures taken. In putting a boiler 
in service at successively shorter periods, no difficulties have 
developed, and a case may possibly be made for an improvement 
in conditions at the shorter periods. # 

In the start-up after a short or overnight shutdown, the critical 
factor is steam temperature. A supply of steam at or above the 
Actually, 
this degree of superheat is required before there is any flow of 
steam. This dilemma will be solved by the provision of the tur- 
bine by-pass. 

While the protection of the superheater elements from over- 
heating has not proved any great problem, the turbine by-pass 
also will provide favorable conditions for the superheater and will 
permit firing: rates necessary to produce the early superheat re- 
quired. 

The problem of leaks in rolled-tube joints and handhole-plate 


temperature of the turbine steam chest is required. 


seats may be eliminated by the welding procedure suggested by 


the authors or, less expensively, by seal-welding rolled joints and 
handhole plates. Both techniques have been developed and used. 

The authors of this paper and their co-workers are to be highly 
commended on their very thorough study of this problem. The 
progress reported in this and previous papers represents many 
years of hard work and intensive and systematic study. 

The information they have made available will be of great 
value to the whole industry. Even with what may be termed a 
normal load pattern of a public-utility station, there are still 
many advantages in the quick-start procedure that has been de- 
veloped. One of the major items of expense in maintenance is 
the loss of service of the equipment, and a few hours gained at 
each shutdown represents a worth-while yearly saving. 

In their final conclusion the authors state that they believe the 
starting of boilers may be done at a much faster rate than that 
advocated by the manufacturer. 

The writer believes that the industry will agree with that con- 
clusion. However, because of differences in design and arrange- 
ment and also variation in operating conditions, the details of 
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procedure in coming-off and going-on load may be different for 
each boiler. We would strongly recommend that the minimum 
starting period and the safe procedure for both shutting down 
and starting up be established by a program of temperature 
measurement such as the authors have described. 


H. P. DautstRAND.'® In this paper the authors have reported 
further studies of this vital question first reported by J. C. 
Falkner, R. 8. Williams, and R. H. Hare in 1947. It is indeed 
gratifying, and the authors should be congratulated for proving 
the soundness of their ideas in developing a practical method for 
the control of the various conditions which will in all cases result 
in maximum reliability and economy of the equipment during the 
starting period. 

In commenting on the original paper the writer fully agreed 
with the authors on the conclusions reached. The first paper 
covered large topping turbines only, whereas the present paper in- 
cludes condensing units as well. In both cases the problem is 
the same, except that the control of vacuum in the latter case be- 
comes of considerable importance in determining the length of 
the starting period. 

Of special interest is the addition of auxiliary oil burners in the 
boilers for raising the steam-inlet temperature closer to the metal 
temperature, as well as the proposed by-pass around the turbine 
for draining the superheater of water. It indicates that an ex- 
haustive study has been made in order to obtain the ideal condi- 
tion which not only will shorten the starting period but also, which 
is more important, will add greatly to the reliability of the steam- 
turbine units because of the decrease in differences between the 
steam and metal temperatures. This will be of greater impor- 
tance as higher temperatures are adopted using materials with 
larger coefficient of expansion and lower heat conductivity. 

Commenting on the quick starting of a large condensing unit, 
it is shown that the shorter the starting period the lower will be 
the exhaust-steam temperature. There is naturally a certain 
limit depending upon how quickly full vacuum is established. 
In reducing the starting time from 2'/, hr to 45 min, the exhaust- 
steam temperature was materially reduced. The question 
might be asked, “If full vacuum had been obtained at the start 
of the rolling period, what would the exhaust-steam temperature 
have been?” It is important that this temperature does not ex- 
ceed a certain limit, as stresses in the last row are higher than in 
any other blades of the unit. There is also the danger of loosen- 
ing the blades in,the grooves and breakage of shroud and lacings 
due to expansion of the blade structure. 

All large steam-turbine units, 1800 rpm and 3600 rpm, built by 
our company in the past several years have been provided with 
steam-sealed glands only. With this type of gland, it is possible 
to obtain full vacuum in the condenser with the unit operating at 
turning-gear speed. The advantage of this type of gland has 
been mentioned previously.'' It will also result in much lower 
exhaust temperature during the starting period, as indicated in 
the curves, Fig. 34, herewith. These curves show the conditions 
during the starting period when the unit is started from cold. 
The tip speed of the last row of blades is 1140 fps. Starting time 
for a cold unit is limited by how fast the various parts absorb the 
heat without excessive distortions, whereas units with short shut- 
downs, in which the metal temperature of the high-pressure ele- 
ments approach that of the operating temperature, can be started 
relatively quickly, provided the steam-inlet temperaturé ap- 
proaches the metal temperature and a high vacuum is obtained in 


10 Director of Steam Turbine Engineering, Steam Turbine Depart- 
ment, Allis-Chalmers Manufacturing Company, Milwaukee, Wis: 
Fellow ASME. 

11 “1949 Port Washington Experiences,’’ Combustion, vol.21, Janu- 
ary, 1950, pp. 45-48. — 
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the condenser to prevent excessive heating of the last rows of 
blades. In the curves shown, Fig. 34, the vacuum in the con- 
denser is 21 in. at the start of the rolling period, resulting in_a 
maximum exhaust-steam temperature of 170 F. This tempera- 
ture would have been considerably lower if a vacuum of 29 in. had 
existed. Therefore, to shorten the starting period of a condensing 
unit after a short shutdown, both the control of the steam-inlet 
temperature and the vacuum is of vital importance. 


W.R. La Morre."? For years it has been the practice among 
conservative operators of turbine generators to require long roll- 
ing periods to “gradually warm up the machine.”’ If a particular 
unit appeared to start rough, then the invariable answer was to 
start even more slowly. 

The work at Consolidated Edison is particularly valuable for it 
is an effort to put the starting procedure on a rational basis and 
to providé the operator with a clear measure of what he is ac- 
complishing. 

Quite naturally, the writer’s company is interested and has 
dene some work along these lines, as reported in a paper by Neal 
and Renton.” 

The writer would like to report on another matter, however, 
which may be helpful to other operators who may be contem- 
plating experimental work on their own turbines. Last spring, 
when a 125,000-kw, 1250-psi, 950-F, cross-compound turbine was 
opened, the horizontal joint was found to be out of true and many 


12 General Superintendent of Generation, Public Service Electric 
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man-hours of labor were required to bring it back into shape. 
During the outage, 32 thermocouples were installed on the high- 
pressure cylinder and steam chests. These showed clearly that 
opening of the secondary and tertiary valves increased the tem- 
perature at the inner edge of the horizontal joint much more 
rapidly than at the outer edge or the bolts. As a result, there is 
a time during the loading eycle when the temperature difference 
across the flange is 250 to 300 F. The inner edge of the joint 
is crushed and there is eventual leakage. 

A remedy suggested by the manufacturer is installation of a 
manifold through which live steam may be admitted to the 
annular space around each main flange bolt, thus keeping the 
bolts and outer portion of the flange up to temperature. Such a 
manifold is being built but is not yet installed, hence a report on 
its effectiveness cannot be made at this time. 

This is brought to the authors’ attention with the suggestion 
that the horizontal joint be included in the thermocouple installa- 
tion. 


R. L. ReyNnowps."? Of particular importance are the discus- 
sions in this paper of the following additional aspects of the 
quick-starting problem which were not covered in the previous 
presentation :* 


(a) Inspection of a superposed unit after having been subjected 
to several “quick starts.”’ 

(6) Application of the quick-start method of operation to a 
turbine supplied by a single boiler. 

(c) Application of the quick-start method to a condensing-type 
turbine. 


From a turbine-engineer’s point of view, the determination of 
the proper starting cycle depends primarily upon the following 
conditions: 


(a) Change in axial and radial clearances between stationary 
and rotating parts, particularly blades and sealing strips. 

(b) Stress in bolts and flanges. 

(c) Ability of boiler to follow changes in turbine steam demand. 


Inspection of one of the Waterside superposed turbines, after 
several quick starts and, in addition, several water and caustic 
washing cycles, shows that the use of this method of starting has 
caused no distress to the turbine. Therefore this method ap- 
pears to be fundamentally sound and worthy of continued study 
and application. 

In order to obtain more information on the effect of starting 
and loading units, we have installed thermocouples in the flange 
and bolts on a turbine quite similar to the Waterside No. 6 unit 
referred to in the paper. 

Readings taken on these thermocouples during a start, where 
full-temperature steam was used for heating, indicate that in the 
throttle valve, where the steam sweeps past the inner wall surface 
at fairly high velocity, and where the covers are bolted to the 
body with studs, the metal temperatures in the flange and bolt 
follow each other quite closely and build up to nearly the steam 
temperature quite rapidly. In the steam chest, the flange and 
bolt temperatures do not build up quite so rapidly but do follow 
each other quite closely. 

However, in the main turbine cylinder where the steam remains 
stagnant in some chambers during the starting cycle, the metal 
temperatures respond much more slowly. Of even greater im- 
portance is the fact that the temperature differential between the 
flange and bolt becomes quite large. This large differential re- 


13 Manager, Central Station Turbine Section, Westinghouse Elec- 
tric Corporation, South Philadelphia Works, South Philadelphia, Pa. 
Mem. ASME. 
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sults in high compressive stresses at the sealing surfaces of the 
flange joint and in high tensile stresses in the bolt. 

Part of this differential is probably due to the type of bolt used, 
this being the through-type with clearance space betwéen the 
bolt and flange. With this type of bolt, heat is conducted from 
the flange to the bolt through the seating surface of the nut and 
thence through the nut into the bolt along the thread engage- 
ment. This means that heat is transmitted from the flange to 
the bolt along only a comparatively short length of the bolt, ex- 
cept for the relatively slow radiation of heat across the clearance 
space between the flange and bolt. 

These measurements dictate the need for further study of this 
problem to devise means for making the bolt temperature and 
expansion conform more nearly to flange temperature and expan- 
sion. As an approach to this problem, means can be provided 
to circulate steam through the clearance space around the bolts 
or to coat the bolts with some materia! to increase heat emissivity. 

During the opposite cycle of shutting down or reducing load, 
the flange will tend to cool at a faster rate than the bolt, thus 
causing the bolt tensile stress and the flange compressive stress 
to decrease. This reduction in stress is not harmful to the bolt 
and flange material but, if the temperature differential becomes 
great enough, it will cause the joint to leak steam. This is 
naturally objectionable but will not damage the joint surface, 
provided the leak occurs in the high-temperature region where 
the superheat of the steam is in excess of 100 F. 

From the standpoint of blade and seal strip clearances, these 
must be determined on each installation to insure against rubs be- 
tween stationary and rotating parts during the starting cycle. 
During the shutdown period the rotor is kept straight by rolling 
with the turning gear. However, the stationary casing tends to 
“hump” because of the upper half cooling off at a slower rate 
than the lower half. As a result, radial clearances at the bottom 
become smaller, and provision must be made to make these clear- 
ances sufficiently large to avoid rubs. Also, starting procedure 
should be arranged to straighten the casing to reduce the possi- 
bility of these radial rubs. ; 

Axial clearances also must be determined during-the starting 
and loading cycles to avoid rubs. The paper describes means for 
doing this and inspection showed that no axial rubs of any conse- 
quence had occurred. 

The time required to bring a unit up to speed after a shutdown 
depends primarily on the following conditions: 


(a) Length of shutdown period. ' 
(b) Temperature of steam used for starting. 


The length of shutdown will determine, to a great extent, the 
temperature of the metal in the throttle valve, steam chest, and tur- 
bine casing. It also will affect, to some extent, the amount of cylin- 
der “humping”’ due to unequal cooling of the top and bottom halves. 

As the authors have pointed out, the temperature of the steam 
used for rolling the unit should be only slightly higher than the 
metal temperature. In order to do this at times it may be neces- 
sary to make special provisions in the boiler to control the steam 
temperature as required. 

While sufficient information is not yet available to make definite 
recommendations, we do know that the starting time should not 
be set at some fixed value, such as 15 min, under all conditions, 
but will be influenced by the length of shutdown and by the rela- 
tion of the steam temperature to the metal temperature. 

While the 15-min cycle appears to have been satisfactory for 
overnight shutdowns, where steam temperatures could be main- 
tained at from 50 to 100 F above metal temperature, the safe 
time after a longer shutdown, where steam temperature cannot 
be so controlled, should be considerably more than 15 min. 

Regarding the question of controlling throttle temperature 
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during the load-reduction and shutdown period, it has been th 

practice of some operating companies to reduce throttle steam 
temperature before starting to remove load. This accentuates 
the drop in turbine-stage temperatures and, therefore, may pro- 
duce more severe starting conditions than if the throttle tempera- 
ture could be maintained at a higher level during the load-removal 
period. Determination of the method of shutting down will de- 
pend upon the means for controlling steam temperature during 
the subsequent starting cycle. With the unit system, where the 
steam temperature is usually considerably lower than the metal 
temperature, a reduction in steam temperature during the shut- 
down cycle is advisable. However, if a header system is used, 
which is kept hot because of supplying a substantial steam flow 
to other units, it appears desirable not to permit the turbine to 
cool off more than necessary during the shutdown period. In 
fact, if means could be provided to increase, rather than decrease, 
initial steam temperatures while load is being removed, the stage 
temperature drop will be minimized, and the effect on metal tem- 
perature will be comparatively small. The turbine will thus be 
better suited to a quick start with high-temperature steam. 

On condensing turbines, the problem of exhaust temperature 
during the starting cycle may become quite serious. Because of 
this, it appears advisable to maintain as high a vacuum as prac- 
ticable during this starting period. In many cases.steam seals 
can be used to seal the glands at speeds too low for effective water: 
sealing. The quick start helps to keep this exhaust temperature 
within desirable limits and thus should be beneficial in the low- 
pressure end of the turbine. . 

In conclusion, we feel that the authors have made a worth-while 
contribution in their studies and experiments on the starting 
phase of operation. Unquestionably, this not only will lead to a 
substantial saving in time and expense but also will subject the 
turbine to less severe treatment than when following the some- 


- what arbitrary rules applied in the past. While this has not been 


too important during the past few years, when it has been neces- 
sary to operate almost continuously at heavy loads to meet the 
load demand, the time is coming when economical operation will 
necessitate week-end and, in many cases, overnight shutdowns. 
This method of operation demands that units be returned to 
active service in the shortest possible time consistent with proper 
treatment of station equipment. 


C. U. Savoyre.'* The limitation of 100 F per hr metal- 
temperature change has been given, in power-plant operation, an 
authority which cannot be upheld. Some of us in the boiler busi- 
ness are responsible in a measure for this illicit development, so it 
seems necessary to explain our contribution and to clarify the 
original intent. 

In the late 1930’s the writer’s company built its first 2200-psi 
boiler for an industrial power plant. Thedrum plateinthe heaviest 
section was 85/s in. thick. Concern over metal-temperature dif- 
ferentials during the starting-up and the shutting-down periods 
led us to the installation of- thermocouples in the drum sheet at 
four depths. The data obtained during the early operations 
showed temperature differentials between the outside and the 
inside of the sheet to be approximately 60 F for a rise in satu- 
ration temperature of 200 F per hr, and- 18 F for a rise in 
saturation temperature of 20 F per hr. 

Consideration of these results, together with data obtained on 
thinner drums, led us to the following conclusions: 


1 If each part of a drum of any thickness is held to within 100 
F of any other part, the maximum stress in the drum will remain 
within the allowable limits. 


14 Executive Assistant, Babcock & Wilcox Company, New York; 
N.Y. Mem. ASME. 
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2) With a given drum there is a loose relationship between its 


rate of temperature rise during starting-up and the temperature 
differentials between one and another parts of the drum. Past 
practice indicated that no overstressing of drums up to 4 in. thick 
was experienced when the starting-up time was extended to at 
least 4 hr, or to a rise in saturation temperature of approximately 
100 F per hr. This 100 deg is an entirely different one from 
the 100-deg differential between two parts of a drum sheet. Its 
use as a starting-up “‘rate’’ was quite attractive, because it paral- 
leled, roughly, the allowable limit of heat application to super- 
heater tubes before full steam flow through them was established. 

3 A high rate of temperature rise during starting-up does not 
dictate a high stress—unless the rate is continued long enough to 
produce high differentials in the metal. 

For instance, a 600-deg per hr rise for 1 hr could produce a 
metal temperature differential of 600 F and, therefore, a damag- 
ing stress. The same 600-deg per hr rise for 10 min, however, 
could produce no more than 100 deg metal-temperature dif- 
ferential, and therefore the stress could be acceptable. 

4 A starting-up rate of 100 F per hr saturation-tempera- 
ture rise appeared to be good practice for the predominance of 
plants where the many advantages in this conservatism would 
not be counteracted by costly losses because of wasted time. 
Where rates exceeding 100 F per hr became attractive from 
an economic standpoint, drum-metal temperature differentials, 
as registered by thermocouples, were expected to be used as guides 
in establishing the new rates. 


Suggested operating instructions issued later recommended the 
100 F  saturation-temperature starting-up rate—simply a 
rule of thumb—for standard practice in the many diversified 
plants throughout the country where our products were expected 
to go. This has become confused with the 100 F metal-tem- 
perature “‘differential’’ which, with correct premises, is a measure 
of stress. 

-Starting-up rates, therefore, have no technical standing in 
themselves, but only as they are reflected in temperature differen- 
tials between parts of the structure. 

Separate and distinct from the problem of clarifying a mis- 
understanding, and simply as a matter of general information, 
our field data indicate that a starting-up rate of 100 F per 
hr rise in saturation temperature will produce a temperature 
gradient through a normally insulated boiler drum of approxi- 
mately 4%/, F per in. of drum thickness; - and (extrapolating 
the data) that a starting-up rate of 460 F per hr will produce 
a temperature gradient of approximately 10 F per in. of drum 
thickness. 

The latter part of the authors’ supplement covers some data 
on the starting up and shutting down of high-pressure boilers. 
Two explanations are given with which it is necessary for the 
writer to disagree. 

The first deals with the reason why the bottom of the 60-in. 
drum cooled faster than the top. The curves indicate that the 
bottom followed saturation temperature very closely and dropped 
only 12 F below saturation at the point of maximum devia- 
tion, while the temperature at the top of the drum registered 118 
F above saturation at the same time. The effect of cold feed- 
water might account for the 12 F subsaturation temperature 
at the bottom, but it cannot account for the 118 F superheat at 
the top. 

Superheating at the top of a steam and water drum during the 
shutting down of a modern boiler under normal water-level con- 
ditions is a common and natural occurrence. ; 

In starting up or in raising steam pressure, the heat absorbed 


by the boiler and waterwalls generates steam which collects in the . 


drum. That portion of the steam in direct contact with the 


drum metal heats it through condensation. The temperature of 
the inner surface of the drum in the steam space is therefore, in 
effect, geared directly to saturation temperature. The lower 
portions of the drum in contact with the boiler water are heated 
very close to saturation temperature by the circulating boiler 
water. 

In shutting down, the submerged parts of the drum are main- 
tained close to saturation temperature by the boiler water because 
its temperature follows saturation on falling pressure the same as 
it does on rising pressure. The steam in close contact with the 
upper part of the drum, however, does not ordinarily condense on 
falling pressure, because as soon as the saturation temperature 
drops, the drum metal with its stored heat finds itself hotter than 
the steam in close contact with it and it therefore superheats this 
steam. The rate of heat dissipated from the upper part of the 
drum through radiation and through conduction is usually small 
as compared with the cooling rate of the boiler water in the tubes 
and, in turn, the cooling rate of the submerged portion of the 
drum. The temperature of the top of the drum consequently 
drops at a slower rate than that of the bottom. The superheat 
at the top therefore increases, even though both top and bottom 
temperatures are falling at their different individual rates. 

Filling the drum to overflowing, as recommended by the boiler 
manufacturer, will, of course, re-establish the direct relationship in 
temperature between the top of the drum and saturation and 
thereby make it permissible to increase the cooling-down rate to 
the point where it approaches the limiting starting-up rate. This 
filling-up procedure does demand the making of provisions for 
overcoming a number of important operating objections. 

The second point of disagreement deals with the cooling of 
nondrainable superheater tubes. There may be some very spe- 
cial cases in which the steam resulting from the evaporation of the 
condensate in nondrainable superheaters contributes materially 
to the cooling of the tubes, or to protecting them against overheat- 
ing from relatively high gas temperatures, before they are cleared 
of condensate and before a through-flow of cooling steam from the 
boiler has been established. In the overwhelming majority of 
cases within our experience, however, it has been necessary to 
consider that those portions of the superheater tubes which are 
above the level of the accumulated condensate, and at the same 
time are in the path of the heating gases, should be considered as 
uncooled metal which is at the mercy of the gases. Until a 
throughflow of steam is established, by boiling out or by blowing 
out the condensate, we are convinced that the temperature of the 
gases entering those parts of the nondrainable superheater, which 
might be above the level of any trapped condensate, should be 
kept below the point at which uncooled tubes can be damaged. 
Many of the nondrainable units today are placed in service suc- 
cessfully without any special attention given to the gas tempera- 
ture at the superheaterentrance. This is made feasible by a num- 
ber of fortunate relationships and by the 100-F rule-of- 
thumb starting-up rate. The power to do damage is present, 
nevertheless; and those who plan to increase their starting-up 
rates to 200, 300, and 400-F rise in saturation temperature 
per hour would do well to reckon with it. 


A. R. Wersmantie.!* The principle of the quick start is 
simple and consists of admitting steam into a turbine at a tem- 
perature equal to or slightly higher than the meta] temperature of 
the steam chest, and then increasing this metal temperature 
at a rate of not over 100 F per hr. The descriptions of the 
various trials made and the expedients resorted to by the authors, 
in order to accomplish these ends, clearly show us that they can- 


18 Assistant Manager, Steam Division, Foster Wheeler Corpora- 
tion, New York, N.Y. Mem. ASME. 
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not be attained without considerable complexity in operation of 


conventional steam-generating units. 

On systems where quick starts are imperative, steam-generating 
units considerably more flexible than conventional units as to con- 
trol of steam temperature should be used. This flexibility must 
include not only the usual control of temperature at constant 
level over a wide load range but also the ability to vary steam 
temperature from saturation up to the full design temperature over 
the same range. The positive control of steam temperature 
provided by such a unit at any temperature level throughout the 
load range makes it possible to fulfill the requirements of the 
quick-start procedure with ease and simplicity. Withsuch units 
there is no need for special starting techniques which would differ 
between the various power teams in the system and require revision 
in accordance with the length of time a turbine was shut down. 

Steam-generating.units which provide this flexibility of steam- 
temperature control have been designed and built for many 
years. One unit of such design, known as the Foster Wheeler. 
twin-furnace unit, is shown in Fig. 35, herewith. This unit con- 
sists of two furnaces and gas circuits which are arranged in paral- 
lel and completely separated up to the economizer. inlet. From 
that point on the arrangement of components is conventional. 
One furnace is completely water-cooled, and the gases leaving 
this furnace pass over the boiler surface before reaching the 
economizer. The other furnace is partially water-cooled and 
partially steam-cooled, and the gases leaving this furnace pass 
over the superheater before reaching the economizer. By dif- 
ferential firing of the two furnaces it is possible to deliver to the 
turbine either saturated steam or steam with any amount of 
superheat up to the full temperature for which the unit was de-— 
signed. Thus, for a quick start, this type of unit permits deliver- 


a 
ing steam initially ‘o the turbine at a temperature equal to or 


slightly above the metal temperature of the steam chest and then 
it allows increasing the temperature at exactly the maximum rate 
permissible. The control] of turbine metal temperatures is posi- 
tive and is very simply obtained Ly differentially firing the steam 
generator. Those engineers associated with systems where quick 
starts are to be made with topping turbines, straight-condensing 
or even reheat units should not overlook the important ad- 
vantages offered by steam-generating units of this type. 

The evolution of procedures for quick starts of the No. 9 unit 
at Sherman Creek, as described in the paper, is quite interesting. 
The authors explain that a by-pass is now being designed so that 
the superheater will be cleared of water and the desired steam 
temperature obtained before opening the throttle. This un- 
doubtedly will prove a simple means for providing steam for ad- 
mission to the turbine at a temperature equal to or slightly higher 
than the metal of the turbine steam chest. However, unless 
steam-chest temperature happens to be high, it would appear 
that excessive rates of temperature rise could still occur during 
the rolling and initial loading period. In order to avoid this, 2 
simple spray-type desuperheater, located in the circuit between 
the superheater outlet header and the turbine throttle, could be 
installed and used for control during this period. Could the 
authors tell us whether they have yet been able to obtain any re- 
sults with the by-pass on the No. 9 unit? 

* Referring to Fig. 25 of the authors’ Supplement, it can be seen 
that even though they were able to match steam and chest-metal 
temperatures initially, thus eliminating the initial temperature 
shock, the rates of temperature rise during rolling and initial load- 
ing period are still high. It appears that the metal temperature 
increased at the rate of 420 F per hr and 750 F per hr on 
Waterside No. 6 and No. 7 units, respectively. Fig. 28 shows a 
quick start of No. 6 unit at Hudson Avenue, from a common 
header system, and it appears that the throttle-valve metal tem- 
perature increased at the rate of 930 F per hr during the roll- 
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ing period, with this setup. Tuese items only serve to empltasize 
further that (a) steam-generating units considerably more flexible 
than conventional units as to control of steam temperature should 
be used for quick starts of unit systems, and (b) even though steam 
and metal temperatures are initially matched, excessive rates of 
temperature rise can occur during the rolling and initial loading 
periods when conventional boilers are used, unless some desuper- 
heating control is added. This latter statement also applies to 
quick starts of machines from a common header system. 

The authors have included a section on shutting down and 
starting up high-pressure boilers While the data given on this 
subject are not too complete, it is most gratifying to observe that 
they are not reducing time arbitrarily, but only on the basis of 
results obtained by real investigation. . 

The time for starting up or shutting down steam generators is 
usually based upon three main considerations, namely, (a) pre- 
venting excessive stresses in drums and headers, (b) avoiding the 
overheating of superheater-tube metals, and (c) eliminating ther- 
mal Shock at joints or stresses in parts. 

Excessive stresses in drums and headers can occur because of 
circumferential or transverse temperature differentials encoun- 
tered in the start-up or shutdown procedures. It is well known 
that approximate heat-transfer coefficients in Btu/hr/sy ft/deg 
are on the order of 2000 for condensing vapors, 600 for heating or 
cooling water, and only about 2 for heating or superheating 
steam. The thermal conductivity of steel is approximately 25 
Btu/hr/ft/deg. From this it is quite apparent that the inner 
surface of the drum plate at or below the water level will always 
Also, the 
inner surface of the drum plate above the water level will stay 
close ta the saturation temperature when steam is present and 
llowever, the top half of the drum will 
be heated only by the slow process of cormduction in the period 
before steam pressure is raised And will be cooled, slowly by con- 


stay substantially close to the water temperature. 


pressure is being raised. 


hic. 35 Foster WHeecer Twin-FurNace Unit 
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duction and a very low transfer rate to steam during the period 
after firing has ceased. It is self-evident then that greatest 
metal-temperature differentials circumferentially may be ex- 
pected in the period after light-off has occurred and before steam 
is formed, and also during the cooling-off period after firing has 
ceased. The greatest transverse metal-temperature differentials 
can occur during the pressure-raising periods or during an emer- 
gency shutdown when pressure is lost practically instantane- 
ously. 

If saturation temperature, corresponding to the pressure, is 
plotted in Figs. 32 and 33 of the Supplement, the analysis of the 
data becomeseasy. The circumferential temperature differential 
of 130 F is readily apparent in Fig. 32. One might ask the 
authors, however, why the drum thermocouples read as much as 
30 F above saturation temperature under load conditions, 
and why horizontal center-line couples on the 60-in. drum are as 
much as 50 F above saturation temperature during the shut- 
down periods, unless, of course, water level was held extremely 
low during this latter instance. Also, it can be seen that the 
metal temperatures at the bottom of both the 54-in. and 60-in. 
drums is practically at saturation during the shutdown period. 
In view of this fact, it seems questionable that the bottom of the 
60-in. drum is cooling faster than the top because of the intro- 
duction of feedwater. Undoubtedly, it cools taster than the top 
because of the fundamental heat-transfer principles involved. 


To provide maximum drum safety when units are started up 
or shut down quickly, it is imperative that drums be practically 
filled with water during the initial firing period until steam is 
formed and also during the final firing period just before firing 
cea Special gage glasses. to facilitate this operation should be 
applied at the top of the drums. It has been our practice to 
supply many units with such special glasses for these purposes, 
but we have found that invariably operators avoid their use. 
They are essential, though, for quick starts and shutdowns. 

Avoiding the overheating of superheater-tube metals is of ut- 
most importance in the start-up of any steam generator. It is 


well known that the tubes of nondrainable-type superheaters be- 
come practically water-filled from condensation after shutdown. 
This water must be removed either by evaporation or displace- 

As the water is evaporated, portions of the 


ment before the normal cooling flow of steam through the tubes 
can be established. 

tube become steam-trapped, in effect, and at these locations 
‘metal temperatures can become considerably higher than the 
steam temperature. To clear all elements of water before going 
on the line and to keep metal temperatures at safe values, it is 
necessary that the gas temperature entering the superheater be 
at or below 1000 F and that all the superheater surface, especially 
the bottom loops, be gas-swept during the start-up procedure. 
By reason of thermocouple location, the temperatures obtained 
by the authors, and included in Figs. 32 and 33, are more truly 
outlet steam temperature than actual heating-surface-metal tem- 
perature. Because of this fact, the data do not necessarily indi- 
cate that metal temperatures were safe. 


Note the rapid change in temperatures which occurred between 
the hours of 4:45 and 5:15, and again at 6:15 in Fig. 33. This 
rapid increase occurs when loops clear themselves of water and 
the temperatures then read are the steam temperatures leaving 
the elements after cooling flow has started. Under this condition 
indicated temperatures are in the neighborhood of 700 F to 800 F, 
so it is self-evident that metal temperatures must have been con- 
siderably higher when steam was not flowing through the ele- 
ments, 


To avoid the possibility that metal temperatures are 
unsafe, thermocouples should be installed on the actual heating 
surface during the trial quick-start periods. To best protect the 
superheater, the unit should be started up with lower burners, 


without any superheater gas by-pass and with as much steam 
flow through the elements as possible. If this is done and the 
criterion on gas temperatures is met, there is no alternative except 
taking the time necessary to stay within the limits mentioned, in 
order to assure superheater safety. 

Eliminating thermal shock at joints or stresses in parts is 
always important in starting up or shutting down. Too often it 
is found possible to establish some average circulation and tem- 
perature rise throughout a section, while local tubes which may 
be covered with ash, or located at corners, or entering drums 
above the water level still remain cool. Considering that a tem- 
perature differential of only 140 F may produce a stress of 
30,000 psi, and that when circulation establishes itself in these 
local sections, it occurs rapidly, the possibility of trouble from 
this factor becomes readily apparent. The authors’ comments 
indicate that they have experienced this trouble even with normal 
slow starts. The writer does not think that quick starts will im- 
prove this condition. 

Properly welded joints are less susceptible to leakage than rolled 
joints, but the important thing is to establish circulation early and 
uniformly. Frequent blowdown of all lower headers during the 
initial heating and pressure-raising period will assist considerably 
in this respect, or some other means of assisting circulation during 
this period can be applied. The data given by the authors on 
this phase do not permit detailed analysis. Fig. 33 shows water- 
wall-header temperatures which were measured as much as 100 
F lower than saturation tempersiure during the pressure- 
raising period, and even when on the line at 500,000 lb of steam 
per hr. The authors should account for this, and tell whether it 
is couple error or whether such subcooling actually exists in this 
unit. 

The start-up and shutdown time set for a given steam generator 
by the manufacturer is based upon consideration of all the factors 
mentioned in the foregoing. There is no doubt that this time 
can be reduced. We have put Navy boilers into full service from 
cold in 8 min without catastrophe. Many of us have experienced 
outages in which pressure was reduced instantaneously without 
trouble. However, we would all agree that these practices 
should not be followed blindly, especially in central-station work. 
Any procedures for reducing the time involved should be based 
on full consideration of factors which can cause trouble and use 
of expedients available for reducing the harmful effects, in order 
to assure safety and long operating life of the equipment involved. 
The authors are to be commended for their careful and intelligent 
approach to this problem. 


CLOSURE 

As Mr. Casey observes, the temperature problems to be*over- 
come in quick starting occur at the high-pressure end of the cylin- 
der in the case of topping units, and at the exhaust end of the 
condensing units. This is due, in the first case, to unit systems 
having a tendency to have an initial steam temperature cooler 
than that of the steam-chest metal temperature, while in the 
case of condensing units this relation is favorable because they 
are generally supplied by a common header system. The ex- 
haust end’ of the low-pressure units, however, presents tempera- 
ture problems because of windage and initial poor vacuum, 

In compliance with Mr. Casey’s request, we are submitting 
the details of the $250,000 saving given in our paper. The com- 
putations were based on 300 days of operation in which 30 con- 


densing units and 2 topping units were started daily. The steam 


normally required for starting each of these machines is 50,000 
Ib and 300,000 lb, respectively, for condensing units and topping 
units, and by quick starting, the steam saving amounts to 70 per 
The coal rate was taken at 9 lb of steam per pound of 
The cost of the coal was figured at $9 per ton. 


cent. 
coal. 
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iliary power saved daily because of the shortening of the rolling 
time of the above 32 units was calcul: ated to be $100 per day. On 
this basis the saving was 


0.7 
300 [100 + 9 +9 x5 ———— (30 X 50,000 + 


300,000) 
X 2000 


= $250,500 per year 


This figure shows only the saving expected in fuel. Further- 
more, at East River Station quick starting has permitted a reduc- 
tion of the midnight shift to a skeleton force. This has resulted 
in an annual labor saving of $130,000. When quick-start pro- 
cedure is applied to all machines, further saving in personnel is 
expected. 

Mr. Cross’s comments were of particular interest to us, and his 
thorough endorsement of our work was most gratifying. We 
agreed with Mr. Cross that some variations in the operation of 
shutting down and quick starting of boilers may be necessary to 
take care of the differences in design. = 

As usual, we found ourselves in full agreement with Mr. 
- Dahlstrand, and we take this opportunity for reiterating our ap- 
_ preciation for his contribution on quick starting of turbine gene- 
_rators. 

By comparing thermocouple readings 8 and 9 on Fig. 30 which 
gives the temperature difference across the horizontal flange of 
No. 9 unit at Waterside, Mr. La Motte can see that this dif- 

ferential exceeded the 200 F set as a limit by the manufacturer 

‘and that a crushing of the inner edge of the horizontal joint could 

have resulted. However, this 200 F differential did not occur 

during the start but only after the unit had been phased in for 

about one hour and kept on increasing until it reached a maximum 

of 350 F an hour and a half after being put on the line. As the 

unit had been started many times previous to this test, and with- 

- out the benefit of thermocouples 8 and 9 to guide us, it can be 

assumed that the crushing of the joint inner edge took place soon 

after the unit was commissioned. The possible remedy indi- 

cated by Mr. La Motte would be a valuable corrective step on 

existing installations. However, we believe that on new ma- 

chines, double-shell construction is the practical solution so as to 
divide the temperature gradient between two horizontal flanges 


We have found Mr., Reynolds’ discussion of our paper very 
informative. The possibilities of rub being caused by cylinder 
“humping” is, of course, one factor which continues to give us 
great concern, not only for the quick start but even more so for 
normal starts. We would like to suggest to the manufacturers for 
their study, the design of a new supervisory instrument which 
would give the operator the knowledge of, and the means of 
measuring this cylinder bowing. If such a tool could be devised 

oe feel it would contribute as much toward safer operation as did 

- the measurement of shaft deflection prior to the rolling of a unit. 

. Quick starting was, in fact, imposed upon us by the load char- 
acteristic of the City of New York. Our contribution was merely 
to demonstrate its safe possibility and evolve the procedure. 
Quick starting was intended to relieve the early morning rush 

created by the necessity of simultaneous starting of many units 

which had had to be shut down late the night before. Today, 
this objective is still the same. For longer shutdown periods, 
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generally over 8 hours, we do not retain the 15 -minute starting 
cycle but adopt longer rolling periods depending, as Mr. Reynolds 
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pointed out, upon the length of the shutdown period. 

The clarification given by Mr. Savoye as to how the 100 F 
rule came into being and its general aiieie rpretation, is revealing 
and we suggest that every boiler operator who has the opportunity 
to read Mr. Savoye’s clear explanation make every effort to 
understand and remember the valuable information given in his 
comments. 

On the matter of divergence in the rates of — between 
top and bottom of the drum during shutdown, Mr. Savoye dis- 
agreed with our interpretation of the cause but pen at the 
same conclusion, namely, that the corrective measure consists of 
filling the drum. 

We fear that we have been misunderstood by Mr. Savoye in re- 
gard to the cooling of nondrainable superheater tubes. It has 
not been our intention to demonstrate that steam resulting from 
evaporation from the accumulated condensate in these nondraina- 
ble tubes contributed to their cooling during starting. On the 
contrary, we have been proposing to generate, in the quickest 
possible time, by accelerated firing, a large volume of steam which 
would establish a mass steam flow of sufficient intensity to clear 


the superheater tubes of the condensate. It is our belief that the - 


proposed by-pass around topping units will accomplish this pur- 
pose successfully. 

_Mr. Weismantle inquires about the status of the by-pass around 
No. 9 unit at Sherman Creek station.- As of this date, the by- 
pass is not in operation but all connections which could be made 
without a long outage of the unit are in place, and we hope that in 
another two or three months the by-pass will be in service. 

We have no explanation to offer regarding the 30 F above 
saturation which was present in the 54 and 60 in. metal drum 
temperature when the unit was under load but about ready to be 
shut down, except, perhaps, that it was due to a transient con- 
dition during this unsettled period. The close agreement of the 
saturation temperature with that of the drum metal during the 
subsequent start, would indicate that the condition of the thermo- 
couples was excellent and that this above-saturation-temperature, 
although not explainable, did really occur. 

During the overnight shutdown test, as shown in Fig. 32, the 
water was held at the normal level which, in this Combustion 
boiler, is below the center line of the drum. Therefore the reason 
for the 50 F differential between thermocouples located in the 
middle of the drums and those at the bottom appears to be due to 
the slower cooling of the drum metal above the water level. Here 
again we are pleased to see that, regardless of the reasons for this 
differential, Mr. Weismantle also advocates the same curative 
procedure of filling the boiler drums to overflowing as soon as the 
boiler is taken off the line, and keeping’ them full until the pressure 
is reduced to the desired point. 

At this time it is not possible to vouch for the accuracy of the 
thermocouple readings of the waterwall header temperatures. 
While we suspect that 100 F differential is greater than it should 
be, we are, nevertheless, satisfied that a temperature lag exists 
between the waterwall header temperature and the saturated 
temperature, with the former being lower during starting opera- 
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Steam 


Pressure 


Safety Valves 


A fundamental investigation of sealing with high- 
pressure steam safety valves has shown that poor sealing 
is a result of self-induced growth of tiny initial leaks. 
Expansion of the leaking steam cools local areas of the 
‘valve seat, causing contraction of the seating surfaces in 
a manner which increases the size of the leak. A new 
design of valve seat was developed, incorporating thin 
flexible seating surfaces. The cooling effects of the leaking 
steam were minimized by providing better heat transfer 
from the high-temperature steam. The new design re- 
sulted in considerable improvement in sealing, and 
service tests have shown excellent performance. 


INTRODUCTION 


HE two primary requirements of steam safety valves are 
(1) that the valves open withouf fail and release steam 
efficiently when the popping pressure is reached, and (2) 
that the valves close at a slightly lower pressure and prevent 
leakage of steam at all pressures under the closing pressure. 

The methods of popping and closing, the safety valves are well 

understood. However, the problem of Jeakage of steam safety 

valves has long been recognized by designers as one of the most 
difficult problems which they face. 

_ The essential elements of a safety valve, in so far as sealing is 
concerned, are the feather and the seat bushing. The seat 
bushing is simply a hollow tube connected to the boiler, with a 
carefully finished seat-on the top surface, while the feather is 
essentially a cover-with a similar seat held against the seat bushing 
by pressure from a spring. When the steam pressure on the 
bottom of the feather exceeds the force of the spring, the design 
of the valve is such that the feather pops up and steam is released 
until the pressure drops to a predetermined value. At that point 
the feather is forced down by the spring, and the valve is again 
closed. 

The reason for the difficulty of sealing with safety valves, as 
compared with other types of valves such as shutoff, gate, and 
globe valves, or the like, is that with these latter types of valves, 
a tremendous load can be imposed on the mating parts of the 
valves by simply increasing the closing force on the operating 

handle of the valve. In direct comparison to this, on safety 
valves the seating surfaces are held together only by the difference 

_in loading between the set load of the spring and the operating 
pressure of the steam. 

This differential load is quite small, because ‘it is naturally 
desirable to operate a boiler at a pressure as close to the maxi- 
mum allowable working pressure as possible. Since the maximum 
allowable working pressure is the setting of the safety valve, 
the gap between the set and operating pressure of the safety 
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valve is of vital interest to the designer. The economics involved 
in making this gap as small as possible constitutes a compelling 
factor of boiler design. Thus there can be no wide difference be- 
tween set and operating pressure. 

Many factors contribute to leakage in valves. Among the 
most important is distortion of the seating surfaces caused by 
outside influences including installation strains, piping, hook-up, 
and ambient temperatures, particularly on outdoor installations. 
Further than this, any minute amounts of dirt or foreign mate- 
rial lodging on the seats, together with damage caused by grit 
in the steam, can also be causes of safety-valve leakage. 

Another serious problem in connection with safety-valve leak- 
age is that when leakage starts, for any reason, continued op- 
eration of the pressure vessel at the normal] pressure will result 
in continual leakage of the valve. This leads to erosion of the 
seating surfaces and to increases in leakage to the point where 
the boiler must be taken out of service in order to recondition 
the valve. 

As the steam pressures have increased in the past 25 years 
the problem of safety-valve leakage has become increasingly 
severe. This was particularly true as pressures rose above the 
600 to 900-lb class to 1500 lb and above. It was the general 
experience of safety-valve users that valve designs which could 
easily be maintained tight at 600 and 900-lb pressure proved to be 
a considerable problem at, 1500 psi. 

This problem had existed for many years with only varying 
degrees of success in improving sealing in various plants through- 
out the country. Many different techniques of seat finishing, 
changes in design, and the like, were tried out, with some slight 
improvement in the standard of tightness of the valves at 1500 
psi, but without making any decided change in the over-all pic- 
ture. 

Because of this, it was decided that a fundamental research 
investigation of the cause of safety-valve leakage was essential. 
This would not be a study of the past efforts made toward solv- 
ing the problem. Instead, it would be an approach from a fun- 
damental basis by someone entirely separated from the problem, 
who would not be subject to past knowledge which might be a 
hampering restriction. 


LABORATORY INVESTIGATION OF SEALING 


Apparatus Used. Accordingly, an experimenta] laboratory 
investigation to study the sealing of safety valves was started. 
A standard 3-in. safety valve designed for operation at a pressure 
of 1500 psi was used as the test valve. 

Two types of materials for the feather and the seat bushing were 
of interest in this investigation. One was a ferritic turbine 
grade of stainless steel, known as Type “T,” containing about 
14 per cent chromium and 0.12 per cent carbon. The other 
type, known as Stellited trim, had seating surfaces of Stellite 
welded onto an austenitic stainless-steel base. 

Fig. 1 shows a schematic drawing of the steam generator de- 
signed and used for laboratory sealing tests with the valve. 
The boiler consisted simply of a steel pipe, capped at the lower 
end, with a standard 3-in. flange at the top for connection of the 
test valve. The boiler had a capacity of about 100 lb of water 
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which was added before attaching the valve. Heat was supplied 
by eight separate electric resistance elements wound around the 
outside of the pipe, the connections so arranged that the heating 
elements could be connected in several different combinations 
to provide the desired degree of heating. Thermocouples were 
placed at various positions on the boiler to insure that no sections 
became overheated. This steam generator proved to be entirely 
satisfactory for the work, and pressure could be controlled easily 
by proper manipulation of the connections of the heating ele- 
ments. 

Test Technique. The valve could be made to pop with this 
boiler, but early tests indicated that popping was not essential 
to the investigation of sealing. The technique finally used for 
sealing tests was about as follows. The boiler pressure was raised 
slowly, the power being shut off as soon as rapid leakage started, 
so that the valve did not usually pop. With this method of 
testing, the valves leaked more rapidly and to lower pressures 
than they normally would in service. This is partly because, 
when a valve closes after popping, it closes with considerable 
impact, which assists in obtaining tightness. 

The pressure at the time rapid leakage started was considered 
as the popping pressure; for most tests it ranged between about 
1100 and 1250 psi. To facilitate comparison among various 
tests, pressure data are reported as per cent below the popping 
point. 

Leakage was measured by condensing the leaking steam, an 
aspirator being used to pull the steam through the condenser. 
Leakage rates are reported as cubic feet of steam at atmos- 
pberic pressure per hour. Leakage rates ranging from about 6 
to 600 cu ft per hr could be measured. 

As part of the fundamental investigation, some early tests on 
the valves were made using tank nitrogen as a source of high- 
pressure gas. Leakage with nitrogen was determined by meas- 
uring the rate of displacement of known volumes of water from a 
burette connected to the steam outlet of the valve. 

Preliminary Tests. The results of sealing tests with nitrogen 
indicated that misalignment of the various parts of the valve 
within plant tolerances had little effect on sealing. It was found 
that considerable improvement in sealing with nitrogen could be 
realized by using a higher-polished finish on the seating surfaces. 
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Tests with steam, however, indicated that sealing was not imi- 
proved by the better finish on the seating surfaces. 

Characteristics of Sealing With Nitrogen and Steam. The 
steam tests did reveal that sealing with steam was radically 
different from sealing with nitrogen. At 10 per cent below the 
popping point, steam leakage was found to be about 600 times 
greater than with nitrogen; and at the normal closing pressure 
of 4 per cent below the popping point, steam leakage was esti- 
mated to be several thousand times greater than the leakage 
obtained when testing with nitrogen. It was then realized that 
sealing as obtained with nitrogen was undoubtedly adequate for 
service requirements, and efforts were then directed toward 
defining the differences which existed between testing with steam 
and testing with nitrogen. A major difference between sealing 
with steam and sealing with nitrogen was noticed in leakage 
tests with successively increasing and decreasing pressures. 
This is shown graphically in Fig. 2. The upper curve, for nitro- 
gen, shows that the rate of leakage gradually increased as the 
pressure increased. Only very moderate leakage occurred until 
the popping pressure was reached. On reducing the pressure. 
‘after leaking rapidly at the popping point, the leakage rate was 
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- With steam, a very different situation existed. As the pressure 
was increased from a low value, leakage at first gradually in- 
creased, as with nitrogen, along the line AB. At. some pressure 
slightly below the popping point, such as B, the leakage suddenly 
increased to an enormously high value along the line BC. If 
pressure: were still further increased, leakage increased slowly 
until it was sufficient to cause the valve to pop. However, if at 
point C the pressure were decreased, the line CB could not be 
retraced; instead, the leakage remained quite high to a much 
lower pressure, as shown by the line CE. At point E, leakage 


= | 


died down suddenly to a normal value F, and if pressure were in- 
creased at that point, leakage would then retrace the line FB. 
The difference in behavior of the two gases was striking, and it 
was evident that if the reasons could be discovered, a solution to 
the problem of poor sealing could probably be devised. 

It was first thought that the effect of the leaking steam might 
be to-introduce thermal gradients in the valve body, causing it to 
distort and force the feather away from its true position. Tem- 
perature measurements of the valve body did show that tem- 
perature gradients existed. However, when these were elimi- 
nated by heating the entire valve to the steam temperature, the 
improvement in sealing was negligible. 

Temperatures of Valve Trim. In a further effort to determine 
the cause of rapid leakage with steam after leaking had once 
started, temperatures of the valve trim were studied during a 
leak test. In a test with Stellited valve trim, thermocouples 
were welded to the side of the feather, the location of the beads 
being indieated in the diagram of Fig. 3(a).- Although the thermo- 
couples were not protected from the steam, good thermal contact 
between the thermocouple beads and the feather was assured 
since the beads were spot-welded to the feather. Fig. 4 shows 
graphically the temperatures that were recorded during a sealing 
test. 


Fic. 3a (left) Location or THERMOCOUPLE BEADS ON STELLITE 
FEATHER 


Fia. 3b (right) Location or THerMocoupLe In Type T 
BusHING 


A similar test was made using the Type T valve trim. For 
this test, the thermocouples were spot-welded to the bottom of 
small holes drilled in the seat bushing, so that the thermocouples 
could be completely shielded from the leaking steam. Locations 
of the thermocouples are shown in Fig. 3(b). The temperatures 
at various points around the seat bushing are shown graphically 
in Fig. 5. 

In both of these tests, the valve-trim temperatures were quite 
uniform up until the time leakage started. At that point, tem- 
peratures at sevéral locations dropped considerably. When the 
valve was leaking badly, severe temperature gradients were ob- 
served in the valve trim, the temperature at one point of the 
feather being more than 200 F below the temperature at another 
point. As the boiler pressure dropped and leakage became less, 
the thermal gradients in the valve trim also decreased. When 
pressures dropped to the point that all leakage had ceased, the 
valve-trim temperatures had returned to about their original 
values, and the thermal gradients no longer existed. 

It was thus apparent that the leaking steam was cooling 
the seat surfaces. The temperature differences measured in the 
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seat bushing were less than those noted on the feather for a 
number of reasons. Leakage was considerably less with the 
Type T trim than it was with the Stellited trim. The thermo- 
couple beads on the Stellited feather were located practically in 
line with the steam flow, and would be cooled directly by contact 


A 

i} 
NGG 

\ \ J J, * 

SS 

| 

| | || 
« 

NSD 

| 


TRANSACTIONS OF THE ASME 


with the steam. In the seat bushing, the beads were well shielded 
from the steam, and were located essentially between the cooled 
area of the seat and the hot body of the bushing, the body of the 
bushing being maintained at a higher temperature by contact 
with the hot steam over the entire internal diameter. Thus 
it seems likely that the thermocouples on the feather measured 
approximately the temperature of the leaking steam, while the 
thermocouples in the seat bushing actuaJly measured the tem- 
peratures of the seat bushing at a finite distance below the seat 
surface. 


Cooling of Throttled Steam. The thermal gradients found in the 


_ valve trim were caused by the cooling of the steam as it expanded 


through the valve seat. When any gas is allowed to expand 
through a small orifice it expands in approximately a throttling 
process, and an imperfect gas will be cooled. The amount of 
cooling for steam depends upon the initial pressure and the degree 
of superheat. Fig. 6 shows the degree of cooling induced as steam 
of various qualities is allowed to expand from different pressures 
by the throttling to atmospheric pressure. Saturated steam at 
1000 psi cools about 250 F when expanded to atmospheric pres- 


sure by a throttling process. Nitrogen, a far more perfect gas, 


leakage of steam safety valves was developed. 


cools only about 6 F during throttling from 1500 psi. 
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Mechanism of Leakage. From this information a theory of 
If a tiny steam 
leak exists at some point on the valve seat, the local area near 
that point is cooled, and the metal tends to contract. This con- 
traction causes deformation of the valve seat in two ways, first, 
by direct contraction perpendicular to the seating surfaces, and 
second, by contraction in a direction parallel to the circumference 
of the seat. Both act to increase the size of the gap between the 
feather and the seat bushing at the local area of leaking. 

Thus, once steam starts to leak through the valve seat, the 
size of the gap increases rapidly until the rate of leakage is ex- 
tremely high. When pressure on the valve is reduced, rapid 
leakage does not stop until the differential force on the feather 
is sufficient to overcome the warpage caused by the thermal 
gradients. Thus the reason for the great difference in sealing 
with increasing pressure and decreasing pressure with steam, 
and the difference in sealing between steam and nitrogen is ex- 
plained. 

Agreement Between Theory and Sapeeines. 


Many of the fac- 
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tors which plant experience had shown to be characteristic of 
sealing could be explained on the basis of this theory of leakage. 
Sealing was more difficult to obtain with higher pressures because 
the cooling effect from the expansion of throttled steam increases 
directly with pressure, as shown in Fig. 6. Similarly, sealing was 
worse for saturated steam than for superheated steam because 
saturated steam cools more when it expands in a throttling process. 
The difference in sealing between the turbine-type stainless 
steel and the Stellited trim could be explained by their differences 
in thermal] expansion, the coefficient of thermal expansion for the 
Stellite and for the austenitic base both being about 45 per cent 
greater than for the Type T material. 

Possible Methods for Improving Sealing. On the basis of this 
theory of leakage, several possible means of i tapering sealing 
could be considered. These are as follows: 


1 Keep initial leaking low; if the amount of initial leaking 
could be kept nil after the valve popped, the self-increasing cycle 
of leakage could not start. 

2 Use a seating material with a low coefficient of expansion, 
since such a material would produce less deformation with a 
certain degree of cooling. Consideration of various materials 
divulged that a high-temperature cobalt invar had an expansion 
coefficient of about 4 X 10~* per deg C, about 60 per cent less 
than that of the turbine-type stainless. It appeared that only a 
limited improvement in sealing might be expected from such an 
attack. 

3 Use valve-seat materials with high thermal conductivity, 
so that the thermal gradients induced in the valve seats would 
more readily equalize. However, most materials which have high 
thermal conductivity are not suited for use with high-pressure 
steam; also, only a limited degree of improvement could be ex- 
pected from this attack. 

4 Reduce thermal gradients in the valve seat by providing a 
short heat path between the seating surfaces and the hot steam. 

5 Decrease the rigidity of the valve seats, so that less pressure 
differential would be required to overcome any distortion of the 
valve seat. 


New Design of Valve Seat. It was soon apparent that a change 
in design of the valve seat offered the best means of minimizing 
the characteristics responsible for poor sealing. Accordingly, a 
new type of valve seat was designed, in which the seating surfaces 
were undercut to provide relatively thin seating surfaces. Fig. 7 
shows a drawing of the modified valve seat. Three advantages 
were expected of this design; these are listed as follows: 


1 Thermal gradients in the valve seat would be reduced. 
The cooling effect of the steam as it leaked would be counter- 
acted by the hot steam on the back of the thin elements. This 
would provide a high rate of heat transfer, and any cool sections 
on the seating surfaces would be effectively heated. 

2 The thin elements could deflect easily under very slight 
differential pressures, and readily accommodate any warpage or 
distortion of the seating surfaces. 

3 The entire force of the steam pressure would act to hold 
the thin edges of the seat closed. Because of this, it was ex- 
pected that sealing would be largely independent of the spring 
load on the valve seat. 


A detailed drawing showing dimensions of the first experi- 
mental valve seat of this design is shown in Fig. 8. The seat was 
designed so that when the full load of the spring was on the 
feather, or during the impact of closing after a pop, the thin 
edges would deform elastically, so that the load would be carried 
by the thicker portions of the valve trim. However, when steam 
pressure was such that the spring load exceeded the gas pressure 
by only about a hundred pune, the entire load would be 
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carried by the thin portions, so that the seat would be quite 
flexible in the range of pressure where poor sealing occurs. 

Although this design has been considered from the aspect of 
a conical-seated valve, it should be equally applicable to designs 
of flat-seated valves. 

Laboratory Sealing Tests With New Design of Valve Seat. 
Sealing tests were made with the new design of valve seat, as 
well as with a conventional valve seat of the Type T material. 
Prior to the steam tests, both types of valve trim were tested 
with nitrogen to insure that no serious defects existed in the 
seating surfaces. 

The results of the sealing tests with steam are shown graphi- 
cally in Fig. 9. With both types of trim, steam leakage was small 
at first and fluctuated considerably. The maximum values of 
leakage with the conventional seat were reached after the pressure 
had dropped to between 1 per cent and 5 per cent below the 
popping point. This simply indicated the finite time required 
for the thermal gradients and deformation of the valve trim to 
develop after the initia] leaking started. 

Characteristics of the sealing tests are discussed in the following 
paragraphs. 

Type T Trim. With nitrogen, this set of valve trim was 
found to seal about as well as those which had been tested pre- 
viously. The leakage curve for the Type T trim is the basis for 
judging the sealing characteristics of the modified design. 

New Seat Design. The great improvement in sealing with the 
new-type valve seat is clearly indicated by the data. When 
tested with nitrogen, sealing with this trim was about comparable 
to that of the conventional seat. When tested with steam, leak- 
age with the new design at 4 per cent below the popping point 
was as low as with the conventional valve seat at 12 per cent 
below the popping point. It had been expected that initial 
leakage would be lower for the new design than for the con- 
ventional trim, owing to the flexibility of the seating surfaces. 
However, the tests with nitrogen indicate that initial leakage 
with the new design was probably quite comparable to that ob- 
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tained with the Type T trim. Thus it seemed that the excellent 
sealing with steam must have been due in a large part to the 
better heat conduction to the seating surfaces. 

Plant Tests With the New Design. Since such excellent results 
had been obtained in sealing tests with the new design of valve 
seat in the laboratory, it was sent to the plant for further in- 
vestigation and development. 

The first step in this was an exhaustive test of the valve which 
had been tried out in the laboratory. The valve was tested at 
1200 psi steam pressure over a period of some three weeks, the 
valve being tested periodically by popping and then being left 
under loading for a period of time. 

At the end of the testing, the valve having been subjected 
to a total of some 200 pops, the seats were examined. There 
were no signs of seat deformation or failure, although some wear 
had occurred on the seating surfaces. 

This indicated that the idea embodied in the undercut seat was 
of a sufficiently rugged nature that it would withstand continuous 
service blowing, and that the research results should be de- 
veloped into a practical design. 

Development of the Thermodisc Design. An analysis of expected 
field conditions naturally showed that it would be desirable 
to incorporate the design changes only in the feather, inasmuch 
as this part would offer the best opportunity for replacement 
when wear occurred. Undercutting of the bushing could be done, 
but slight wear might necessitate replacement of the bushing, 
which is a more difficult task. 

Accordingly, the development was aimed at developing a design 
which would give the required heat conductivity and flexibility 
without embodying any fundamental objection in the way of 
field maintenance. 

Further analysis of past experience showed that if the seat 
were made so thin as to be very flexible at the lower edge, as had 
been first proposed, there was more danger of potential damage 
to this seat from grit passing through the safety valve. This is 
based on experience, particularly with superheater valves, from the 
fact that very hard particles in the steam actually pit and abrade 
the noses of the safety-valve feather disks. It could easily be seen 
that a durable edge on the undercut seat would be desirable. 

In addition to this factor, making the seat edges quite thin 
would result in very close tolerances in manufacture and would 
increase the cost of the design. 

With all of these considerations in mind, a large number of 
variations in angles, thicknesses, and depth, were tried out, finally 
arriving at a thickness of 0.012 to 0.015 in. at the bottom edge of 
the seat, with a slightly deeper recess than had been indicated in 
the original design. 

Plan: Tests of Thermodisc Design. Having determined the 
design which seemed to be most practical from the field-service 
viewpoint and from the manufacturing viewpoint, a series of 
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breakdown tests to determine the feasibility of the design were 
carried out. 

One of these tests consisted of the continuous popping at 1200 — 
lb of one of the seat elements over a period of time. The valve 
was blown rapidly and continuously for a total of 200 times and 
then was subjected to chatter or very rapid popping to determine 
whether seat damage would occur from this type of operation. 

At the end of the test, the valve seat showed no damage in so far 
as breakdown of the seating element was concerned, aithough the 
seating surfaces showed wear, and a slight amount of leakage 
had developed. 

A test for measuring the fatigue life of the seat element was 
worked out using a cam-operated weight-loaded device which 
dropped the seat for the distance of its normal lift with a weight | 
of 200 lb, so the disk would strike the bushing with considerable 
force. 

With this mechanism, the seat was subjected to a test of 80,000 
cycles to determine whether or not fatigue of the seat element 
would develop. 

At the end of the test, the disk and seat were still structurally | 
perfect and showed no signs of fatigue failure. 

Service Results With Thermodisc Design. The first experi- | 
mental Thermodisc seats were put into service in late 1944 
and initially resulted in a tightness comparable with that which 
had been realized experimentally during the research develop-_ 
ment phases. It was found necessary to incorporate a deflecting 
piece on the nose of the Thermodise comparable in contour to 
the older solid-disk design in order to eliminate a high-pitched — 
noise which originated, apparently due to the recess in the seat. 

Of the Thermodiscs which were put into service initially in - 
late 1944, two were later removed for examination and several 
are still in service at the original plant. 

Following the initially successful testing of the Thermodisc 
design and the checking of these after about six months’ service, | 
early in 1946 a complete change-over of a large high-pressure 
utility was made, all of the Thermodiscs giving very good results 
as to tightness and operating characteristics during this installa-_ 
tion. 

Since that time, several hundred of the Thermodises have been 
put into service with equally good results, at pressures ranging up 
to 2650 psi. 


ACKNOWLEDGMENT 


This research was done in co-operation with Manning, Maxwell 
& Moore, Inc. Their permission to publish these results is 
greatly appreciated. 

The work at Battelle was under the direct supervision of 
Dr. H. W. Russell and Dr. R. W. Dayton. Their assistance > 
throughout the work was very helpfui. The idea for modification z a 
of the valve-seat design was conceived by Dr. Dayton. 


| 
| 
| 
| 
| 7 
i | 
— 
— 
| 


The bulk modulus of fluids other than water has not 
been reported in engineering literature to any extent, 
particularly in the range of pressures and temperatures 
ordinarily encountered in petroleum pipe-line work. In 
pipe-line work it is desirable to make surge investigations 
in advance of construction, and this requires some know]l- 
edge of the pressure wave velocity in the system for com- 
puting the magnitude of surges which may be expected in 
ordinary operating or in emergency conditions. While the 
physical characteristics of the materials and construction 
of the pipe line itself are known, the same is not true of the 
physical characteristics of the liquid. This paper relates 
to a method of determining the bulk-modulus values of 
fluids other than water to make available the missing fac- 
tor in pipe-line design considerations. 


INTRODUCTION 


N any computations concerned with so-called ‘“water- 
hammer” or surge conditions occurring when the flow rate 
of a liquid is changed in a closed conduit, the compressibility 

of the liquid and the elasticity of the conduit walls have a major 
effect upon the magnitude of the surge, as well as its distribution 
along the conduit. 

The magnitude of the surge is directly proportional to the ve- 
locity of the surge wave and this, in turn, is affected by the diame- 
ter, thickness, materials of construction, and modulus of elas- 
ticity of the pipe walls. The character of the liquid in the pipe 
line also enters into the conventional equation for surge-wave 
velocity, with both specific gravity and compressibility affecting 
the values. The conventional formula for surge-wave velocity 


is as follows pal 
w fi d \ 
g \k Ee 
where 
a velocity of pressure wave, fps 


weight of 1 cu ft of liquid, Ib 

acceleration due to gravity, ft per sec? 

diameter of pipe, in. 

thickness of pipe walls, in. 

bulk modulus of compressibility of liquid, psi ies! 
modulus of elasticity of material of pipe walls, psi 


The specific gravity under various temperatures and pressures 
can be determined without great difficulty. The compressibility 
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Contributed by the Hydraulic and Petroleum Divisions and pre- 
sented at the Semi-Annual Meeting, St. Louis, Mo., June 19-23 
1950, of Toe American Socrety oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME.Headquarters, April 
20,1950. Paper No. 50—SA-32. 
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New Method for Bulk-Modulus 
Determinations 


By S. LOGAN KERR,’ L. H. KESSLER,? anv M. B. GAMET® 


factor, more commonly expressed as the bulk modulus of com- 
pressibility, is not so easily arrived at. 

The bulk modulus can be calculated as follows 


k Ap 
[= 
AV 
where 
k = bulk modulus of liquid, psi 
Ap = pressure increment, psi 
AV = volume decrement produced by pressure increment Ap 
V = original volume in same units as AV 


The bulk-modulus value for water at ordinary temperatures 
and pressures has been reported in a number of publications and 
is commonly taken as 300,000 psi for most surge calculations. 

The bulk modulus of fluids other than water has not been re- 
ported in engineering literature to any great extent, particularly 
in the range of pressures and temperatures ordinarily encountered 
in petroleum pipe-line work (0 to 1500 psi, and 32 F to 100 F). 

To make surge investigations-in advance of construction of a 
pipe line requires some knowledge of the velocity of the pressure 
wave within the system for computing the magnitude of surges 
which might be expected due to ordinary routine operation or due 
to emergency conditions. 

The physical characteristics of the materials and construction 
of the pipe line itself are fairly well known. The remaining factor 
relates to the physical characteristics of the liquid, and it is to 
these matters that attention is directed in this paper. 


Review or LITERATURE 


Some of the earliest work done on the determination of surge- 
wave velocity in liquids other than water was in connection with 
the studies of fuel-injection systems for Diesel engines. 

Unfortunately, the investigations were carried out at fairly 
high injection pressures in the range from 1000 to 6000 psi, or 
even greater, and very little information is available for pressures 
below 1000 psi. The variation of compressibility or variation of 
bulk modulus with temperature has also been investigated to 
some extent, but here, too, the experiments were conducted at 
pressures on the order of several thousand psi and did not cover 
in detail the range in which petroleum pipe-line designers are 
primarily interested. There is included at the end of this paper 
a brief Bibliography listing some of the important references. 

In almost every case, the determinations have been made by 
measuring, as accurately as possible, the quantity of additional 
volume of fluid required to compress the initial volume of mate- 
rial to various pressures. The means of measuring the increment 
of volume are varied, and some of the apparatus used a precision 
measurement of the displacement of a piston and in other cases a 
mercury pump was employed. 

Hyde (1)* measured the position of a sleeve on a plunger (8 mm 
bore and 12 cm long) before and after the application of pressure 
and determined the decrease in volume of the liquid in the small 
cylinder having a volume of 15.56 ml. Tyrer (2) worked at not 
more than 2 atm pressure with soft soda-glass and copper com- 


‘Numbers in parentheses refer to the Bibliography at the end 
of the paper. 
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pressibility .piezometers of 500 ml capacity. He at- 
tempted to change the pressure and measure the vol- 
ume change before any of the heat produced in com- 
pression had been lost. 

Le Mesurier and Stansfield (3) used the device 
shown in Fig. 1; A is a steel cylinder with vent plug B 
and gland C fitted with a slow-speed engine fuel-pump 
piston D surrounded by split washer Z at the outer 
end. £ is held tightly in piace with a spiral spring 
F surrounding the groove in the halves of the washer. 
The inner cylinder was filled with test fluid and lowered 
into the outer cylinder G, which was filled with fluid 
at the same temperature as the sample. The outer 
cylinder was sealed by cap H. Pressure was applied 
directly to oil in G and to plunger D and hence to 
sample in A, the washer being in contact with the 
outer end of gland C moved a distance proportional 
to the decrease in volume of the test sample. When 
direct pressure was released, the plunger was forced 
out of the gland by the expanding sample and car- 
ried with it the washer. Measurement of movement 
of the washer allowed the volume change of the oil when 
under pressure to be calculated from known dimensions 
of the plunger. No dimensions of the device are given. 
Le Mesurier assumed no strain in the material of the 
test. vessel, because of balanced pressures, but Davies 
(3) states that there is a stress present, although Le 
Mesurier believed it to be so small as to be negligible. 

Talbott (4), Fig. 2, used a copper tube screwed to the cover of a 
thin sealed vessel A, fitted with an insulated filling cup B at its 
upper end, and a copper pot C at its lowerend. A fine platinum 
wire was attached to the filling cup and passed a short distance 


down the center of the tube. The inner vessel was surrounded by 
a cylinder of adequate strength, the liquid to be tested was 
placed in the inner vessel, and mercury was poured into the tube 


and copper pot to form a mercurial seal. The space between the 
inner and outer vessels was filled with distilled water, and hy- 
draulic pressure was applied. This pressure was transferred 
through the mercury to the test liquid so that the inner vessel con- 
tracted in volume as a solid under hydrostatic pressure until the 
circuit was completed when the mercury contacted the plati- 
num wire. The entire apparatus was surrounded by a water 
bath. 

Cap D was removed and mercury added or removed until the 
electric contact was broken at atmospheric pressure. A weighed 
quantity and, therefore, a known volume of mercury was added 
to the filling cup, and the pressure necessary to break the contact 
was found. The‘pressure was measured by an optical gage, and 
a.lamp indicated when contact was broken. A telescope and 
scale were used for the pressure gage, and the lamp was placed 
in the field of view of the telescope. 

Talbott’s experimental results were corrected for decrease in 
volume of the containing pot, the compressibility of the mercury, 
and for rise in temperature due to compression, because he applied 
maximum pressure in 10 sec. 

These experimenters used devices employing a thin-wall test 
chamber and balanced the internal and external pressures, but 
apparently did not use dead-weight testers for pressure applica- 
tion or to determine unit pressure applied. In all of these in- 
stances, however, the volume and pressure increments were read 
when the apparatus was under pressure. Some question has 
been raised as to the accuracy of these measurements, particularly 
in relation to leakage from the apparatus, leakage past a piston 
or stuffing box, or the displacement of the liquid within the pres- 
sure-measuring device. 
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Fic. 1 Le Mesurier AND STANSFIELD’S 


Tatsort's Test 


Test APPARATUS APPARATUS 


Joint SuRGE CONFERENCE 

During investigations authorized by a Joint Surge Conference, 
set up to study the surge conditions within petroleum pipe lines, 
particularly those carrying crude oil, the need for accurate data 
on the compressibility factor was immediately apparent. 

Some determinations had been made experimentally, byt it 
was finally agreed that an independent investigation would be 
desirable to check the bulk modulus for the particular oils being 
transported under conditions existing during the field-test work. 

A conference was arranged between the three authors of this 
paper to conduct a program of tests® in which the effect of varia- 
tions of temperature and pressure on bulk modulus within 
ordinary ranges could be determined, using a smal] sample of the 
actual fluids flowing through test pipe lines. It was felt that 
certain basic-design conditions for the apparatus should be fixed 
to avoid the potential errors believed to be present in the methods 
used in other investigations. 

These fundamentals of design were as follows: 


1 The apparatus should eliminate leakage or slip in relation 
to the measurement of the volume increment. 

2 The apparatus should eliminate, in so far as possible, any 
effect of volume change due to the pressure-measuring device om 

3 The apparatus should incorporate a dead-weight-gage tester 
for basic pressure measurement and avoid the use of a Bourdon- 
tube-type pressure gage, except for approximate indications, 

4 The volume change of the apparatus itself under varying 
pressures and temperatures was also to be kept at a minimum. 

5 The measurement of the increment of volume (AV) was 
to be made at atmospheric pressure and under conditions whereby 
this increment could be read to an accuracy of | per cent or less. 

6 The over-all accuracy of the bulk-modulus determination 
at any given temperature or pressure should be within plus or 


5 These tests, made in 1949, were part of a program instigated by 
the Joint Surge Conference of individuals representing Middle East 
Pipelines Limited, Trans-Arabian Pipe Line Company, and Gulf- 
Shell Pipe Line. The test results are included in the ‘Final Report 
of Joint Surge Conference” (13), which has been made available to 
the national engineering societies and to interested individuals and 
companies. 
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minus 2 per cent on an individual run and within plus or minus 
1 per cent on a series of runs, using an average curve through the 
individual test points. 


It was immediately apparent that with this basis for design, 
none of the apparatus described in the various technical publica- 
tions could be used. Therefore a new design was developed to 
perform these experiments in a completely different way from 
that described in the literature listed in the Bibliography. 

Instead of measuring the quantity of liquid required to raise 
the pressure a given amount, by observing the displacement of a 
column of mercury or a piston, the new apparatus was arranged 
to build up the pressure to the desired value, as measured by a 
dead-weight-gage tester. The pressure was then constant 
throughout the system, and by closing a valve it was possible to 
trap the total volume (initial V plus AV) within the pressure 
chamber. 

The pressure was relieved by gradually opening a valve con- 
nected to a prevision-graduated microburette until atmospheric 
pressure was reached. The difference between the initial reading 
and the final reading on the calibrated glass tube represented the 
increment of volume released and thus gave the value of AV. 
The initial total volume V of the chamber was determined by 
dimensional measurement and also by a volumetric check to be 
290 ml. 

As the increment of pressure is from atmospheric up to the de- 
sired test value, the gage pressure as determined by the dead- 
weight tester represents Ap in Equation [2}. 
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DESCRIPTION OF APPARATUS AND DETAILS 


A thick-walled, cylindrical, steel pressure vessel A in Fig. 3 
(5'/, in. OD and 2 in. ID) was machined with the top of the 
cylinder containing an annular slot C or mortise of rectangulay 
cross section to act as part of the seal for the test fluid. The in- 
side bottom of the cap B was machined as a cone PD of 25/s in. 
diam with an annular V-shaped tenon / machined to fit into the 
mortise of the cylinder without the tenon touching the upper cor- 
ners of the mortise. Hard solder wire was cut, lapped, and placed 
within the mortise. The V-shaped tenon was forced into the 
solder by tightening six */s-in. stud bolts F, so that a perfect 
fluid seal was formed. The design causes all entrapped air or 
gas to be forced out through the vertex of the cone. 

To introduce fluid under pressure into the vessel, measure its 
temperature, and discharge compressed fluid upon release of pres- 
sure, suitable threaded adapters G with copper gaskets were fitted 
into the top of the cap with small holes extending through the 
cap into the pressure chamber. The small thermometer well 
H of stainless steel to contain thermocouple wire was first press- 
fitted.into the cap. 

A '/,-in. steel needle valve ] was screwed into the inlet adapter, 
and a second valve J was fitted to the relief adapter. At the 
top of the discharge valve there was fitted a metal-to-glass 
adapter, machined and ground with a tapered hole to fit precisely 
the male end of a standard ground-glass Pyrex tube. 

Fig. 4 shows the general arrangement of the apparatus. The 
test vessel is mounted within a steel-encased water bath having 
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Fig. 4 AssemBLy or Test APPARATUS AT NORTHWESTERN UNIVERSITY 


inlet water and drainage connections. A 750-watt immersion 
heater and thermoregulator controlled the water-bath tempera- 
ture. “A potentiometer was connected to iron-to-constantan 
thermocouple leads inserted in the temperature well. ; 

To segregate the test fluid from*the fluid in the dead-weight 
gage tester, the inlet valve to the pressure chamber was connected 
by '/,-in. pressure-transmission pipes to a ‘U-tube-type mercury 
piston, one leg of which was a 2000-psi pressure chamber sight- 
gage glass, and the other leg a machined steel cylinder connected 
to a 5000-psi dead-weight-gage tester. Valves were used at high 
points of the transmission piping to release all gases or air from 
the system. 

Three standard calibrated microburettes with Pyrex tapered 
adapters of 2.0, 3.0, and 5.0 ml capacity, each reading to 0.01 
ml, were used to determine fluid-volume displacement from the 
test vessel. 

In addition, the glassblower made from carefully matched 
serological pipettes, three other microburettes as follows: One of 
0.2 ml capacity from two 0.1 ml; another of 0.4 ml capacity from 


two 0.2 ml; and a third of 2.0 ml capacity from two 1.0 ml. All’ 


were graduated to 0.01 ml and can be easily read to 0.001 ml. 
These small-capacity burettes give great accuracy in determining 
small volume changes as a 0.01 ml displacement causes a °/s-in. 
rise in fluid level in the smallest-diameter burette. Calibrations 
of all burettes were checked by volume with mercury. 

Tests proved the steel valves and pressure-transmission pipes 
were absolutely tight. One characteristic of all dead-weight 
testers is that continuous rotation of the piston is necessary and 
that after a 30-min period, some oil from the tester slips by the 
piston up into the surrounding cylinder, requiring adjustment of 
the handwheel to maintain weights and pan at constant level. 
This in no way affects the magnitude of unit pressure exerted on 


the mercury piston in Fig. 4, as long as the pan is not allowed to 
rest on top of the fixed cylinder. w— = 


EstiMATED ACCURACY 


Using the Lamé formula as corrected by Clavarino for the — 


determination of tangential and radial unit stresses in a thick- 
walled hollow cylinder under internal pressure only, theory indi- 
cates that the maximum change in total volume of the test 
vessel of 0.0043 per cent would be practically negligible between 
25 and 1500 psi maximum internal pressure. 

However, the opening of the gap between the cap and cylinder 
at the seal needed investigation. Seven SR-4 electric strain gages 
were fastened to the test vessel, in such positions that radial 
tangential deformations and opening of the gap were determined, 
in microinches pet inch. According to theory, radial and tangen- 
tial stresses are zero at the outside surface of the vessel, and the 
tests confirmed this. 

At 1500 psi there is 885 lb of pull on each of the six bolts of 
the cap, or 16,500 psi stress in the shank, and the seal never 
leaked. The average increase in measured opening of the gap was 
225 millionths of aninck. This is a displacement of the contents 
of the test vessel (290 ml) of 0.0108 ml, or 0.0037 per cent. The 
total calculated change in volume of the test vessel caused by all 
stresses is about 0.008 per cent or 0.79 per cent of the volumetric 
displacement in the microburette, based upon test results with 
gasoline. 

To be sure that the test vessel could be used without placing 
the vessel within an equalizing pressure chamber as would be 
essential for higher working pressures, confirmatory tests, de- 
scribed in detail later in this paper, were run to check values on 
the bulk modulus of distilled water free from dissolved oxygen 
as reported by other investigators. The values of the modulus 
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for water came within the range of values determined by others. 
It is believed this new test device can be used to obtain bulk 
moduli with errors not exceeding 2 per cent on any liquid during 
an individual run at the highest test pressure which is 1500 psi. 

Test PRocEDURE 

Fig. 5 shows the apparatus under simulated test conditions. 
Before undertaking a series of runs, the test vessel is thoroughly 
cleaned with carbon tetrachloride, and the lower portion of the 
cylinder filled with the fluid to be tested. A dry rag is used to 
wipe a thin film of mercury onto the surface of the V-shaped 
lead seal. The cap is connected to the cylinder tightly so as to 
withstand 2000 psi, and the remainder of the cylinder and conical 
dome is filled with fluid. The vessel is placed in the water bath, 
and transmission pipes are connected as in Fig. 4. The fluid 
and the test chamber are brought to uniform test temperature 
using either ice or heated water. It may take 30 min or more 
before the temperature levels off, and during this time the 
fluid temperature is read by the potentiometer. 

Mercury is placed in the bottom of the U-tube, and pipes con- 
necting the leg to the test vessel are filled with fluid. A medium- 
weight lubricating oil is used in the dead-weight tester, the con- 

- necting piping, and the leg of the U-tube away from the test vessel. 

A pressure of a few pounds is placed on the system. Bleeder 
valves are opened to flush out all entrained air or gases and are 
then closed. One of the calibrated pipettes of suitable volume 
for the estimated displacement of test fluid is selected. The 
ground tapered joint is greased with a solvent-resistant stopcock 
grease and is heated slightly before the taper is pushed into the 
adapter. The fluid content of the test vessel is then placed under 
atmospheric pressure with the burette always open at its top. 

With inlet and discharge needle valves J and J open, a slight 
pressure by dead-weight tester is exerted on the oil, which is 
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LPPARATUS IN OPERATION 


| 


forced against the mercury U-tube, and the same pressure is 
transmitted by displacement of this mercury piston to the fluid 
in the test vessel. The test fluid rises into graduated section of 
the microburette for a first reading at atmospheric pressure. 

Upon closure of the discharge valve a small quantity of fluid is 
displaced upward which increases the first reading of fluid in the 
burette to the exact initial value used in the test data. Opening 
of the valve causes a lowering of fluid in the burette equal to the 
quantity displaced by movement of the valve needle. The re- 
quired number of weights are placed on the pan of the tester. 
Pressure is then applied through the tester until the pan con- 
nected to the piston of the tester is elevated about */, in. above 
the surrounding cylinder. Weights, pan, and piston are spun 
continuously during application of pressure to the system. The 
Bourdon gage is used only as an indication of the unit pressure, 
to keep the operator from raising the tester piston too high and 
forcing it out of the cylinder. 

As the desired unit pressure is reached, the inlet valve is closed 
uniformly ata very slow rate. Unit pressure is thus locked within 
the test vessel. The discharge valve J is opened slowly, and the 
quantity of fluid compressed from atmospheric pressure to the 
applied higher test pressure is permitted to expand into the 
burette at atmospheric pressure to an approximate final reading. 
The discharge valve is then closed slowly to eliminate all error 
due to the volume displaced by the valve needle. The ultimate 
rise of fluid in the burette, as read with a magnifying glass, is 
taken as the true final reading. The difference between the true 
initial and final readings is the change in volume (AV) of Equa- 
tion [2] caused by re-expansion of the fluid from the test pressure 
to atmospheric pressure. 

Providing there is sufficient volume of fluid above the mercury 
leg of the piston, the final reading of the burette can become the 
initial reading for a second test. The burette need not be re- 
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moved jor cleaning until such time as the total calibrated length 
has been wet by the fluid. A strong Alkonox and distilled-water 

. cleaning solution is used at about 200 F to wash test fluids from 
the inside of the burettes. Burettes are flushed with distilled 
water and dried by compressed air prior to regreasing the outside 
of the taper and continued use. Before the mercury in the U-tube 
is driven past the invert, the bleeder valve K, Fig. 4, is opened to 
atmospheric pressure. Test fluid is poured into the pipe system, 
and the necessary quantity of oil is removed from the dead-weight 
tester. Time is then allowed for the fluid in the test vessel again 
to arrive at the desired test temperature before further runs are 
made. 


Comparison With Previous INVESTIGATIONS ON WATER 


The experimental techniques were first worked out by pre- 
liminary runs on crude oil. These tests were then made on boiled 
distilled water at 68 F to check the characteristics and behavior 
of the apparatus on a liquid for which considerable experimental 
results are available on compressibility at 1 atm and at pressures 
above 300 psi. 

Figs. 6(a and b) show the Northwestern test results, as com- 
pared with data reported by thirteen former experimenters. In 
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experimenters mentioned. Above 50 psi the modulus increases ; 7 7 
rapidly, until a value of about 300,000 psi is obtained in the ah 
neighborhood of 300 psi. Fig. 6(b) shows an enlarged portion of > 
the modulus-pressure curve in the lower pressure range. 

It is concluded from a careful study of the runs on distilled 
water, that the accuracy of the test vessel and appurtenances, and : 
the techniques used in the Northwestern tests are comparable to 


that obtained with various devices or apparatus of former ex- 
perimenters. This verification is important as almost all experi- 
menters since Amagat have checked the performance of their test 
apparatus with distilled water as free from dissolved oxygen as is 
possible of attainment. ‘ 

For most work on water hammer-at ordinary pipe-line pres- 
sures, it is evident that a modulus of 300,000 psi for water is a 
valid unit, although some engineers use 294,000 and others 
310,000 psi. If 300,000 psi is used and 30,000,000 psi as Young’s 
modulus for steel in tension, the ratio of 1/10 in the formula for 
calculation of the speed of propagation of the water-hammer : 
pressure wave is within experimental error. At ordinary pipe- 
line pressures, computations are simplified somewhat which is 
probably the reason for the widely adopted value of about 300,000 
psi, plus or minus 3 per cent for bulk modulus of water. 
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some instances Equation [2] could be used directly, arfd in others 
the bulk modulus was computed as the reciprocal of the com- 
pressibility C, where C is expressed in atmospheric units, that is, 
the ratio of the decrease in volume per atmosphere of pressure to 
the volume of the liquid. 

Tyrer (2) worked at 1 and 2 atm only, Amagat (5), Bridgman 
(5), Parsons and Cook (7), and Jessup (8) give results at 1 atm, in 
addition to higher pressures, none of which, however, were below 
300 psi. All experimenters appeared to be interested primarily in 
the compressibility of water at high pressures. In most instances, 
where the experimenters plot data obtained at pressures above 
700 psi, they extrapolate the compressibility curve as a straight 
line into the low-pressure range, assuming the compressibility to 
be independent of the change in pressure. 

Parsons and Cook (7), however, are very definite in showing 
that water has a bulk modulus of 200,000 psi at atmospheric 
pressure and 4 C, and a modulus of 400,000 psi at 2000 atm. 
Wherein this great change takes place is not shown. North- 
western tests show that the modulus is about 200,000 psi at 
pressure of 25 to 50 psi which is in general agreement with the 
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RESULTS ON CRUDE OILS AND GASOLINE 


Figs. 7(a, b, and c) show the plotting of test results and 
the curves established for the two crude oils and gasoline samples 
taken from the test pipe sections of the field tests utilized by the 
Joint Surge Conference (13). Samples of 10 gal were shipped in 
fluid-tight metal containers to the Northwestern Technological 
Institute Hydraulic Laboratories for these independent bulk- 
modulus tests. Fig. 8 shows similar test results on G.H. No. 3 
crude oil shipped from the Kuwait oil fields on the Persian Gulf. 

Four temperatures, 32, 60, 100, and 130 F, were maintained for 
each of the pressure series for the three crude oils, but the 130 F 
temperature was riot used in the gasoline tests. These tempera- 
tures cover the climatic and operating ranges usually experienced 
in oil-pipe-line work, as well as any appreciable rise in temperature 
caused by pipe friction. The range in pressure varied from 25 to 
1500 psi, which covers the usual operating pressures of oil pipe 
lines, 

At any given pressure the variation of bulk modulus or com- 
pressibility with temperature is pronounced. This has been found 
by all experimenters. No general conclusion can be reached as to 
the degree of variation with temperature, but in general the three 
crude oils and the tested gasoline seem to decrease roughly about 
700 psi'in bulk modulus for each degree Fahrenheit increase in 
temperature. . ° 

Gasoline, Fig. 7(c), at pressures above 200 psi and up to 1500 
psi had a relatively insignificant change in modulus with increase 
in pressure. Below 200 psi, the change in modulus is more pro- 
nounced. 

The crudes, Figs. 7(a) and (6), show that above 1000 psi the 
modulus remains about constant in value for any given tempera- 
ture. Below 1000 psi, the modulus decreases in some degree as 
the pressure decreases, and below 400 psi the modulus decreases 
quite rapidly in some cases. Between 400 and 50 psi at 60 F, the 
McCamey crude shows a drop of 62,000 psi or 25 per cent; Wink- 
Monahans crude shows a decrease of 25,000 psi or 12 per cent; 
Kuwait crude, Fig. 8, shows a decrease of 53,000 or 23 per cent. 

Fig. 9 shows a plot of variation of bulk modulus with tempera- 
ture at a pressure of.1000 psi for the four samples tested. Until 
considerable additional information is available, it appears evi- 
dent that petroleum products cannot be tested at just one tem- 
perature and a satisfactory conclusion arrived at for the bulk 
modulus at any other temperatures. In studying the test data of 
other experimenters, it was impossible, in most instances, to de- 
termine the compressibility or bulk modulus at temperatures 
other than within the range of the test. Water at 1 atm of pres- 
sure when ‘tested by four experimenters shows that variation with 
temperature follows no well-defined law. 


ComMPARISON OF MEAN COMPRESSIBILITIES OF SAMPLES TESTED 
Wirn Work or OTHERS 


The test values of bulk modulus in the Northwestern tests were 
computed also in terms of mean compressibility in per cent from 
zero to 1000 psi in order to compare results with the study in the 
American Petroleum Institute progress report made by Jacobson 
(9). Values are plotted relative to API gravity at 60 F in all 
cases, Fig. 10. Undoubtedly, other factors than specific gravity 
modify this simple relationship. Viscosity is one factor as is 
shown by Matteson (14), where he uses the Cragoe modulus to 
extrapolate test data on compressibility of oils at 711 psi to values 
at higher pressures. The authors interpreted the data by Jacob- 
son, et al (9), somewhat differently, and the solid-line curve shows 
their estimate of the reported test values. An assumed curve has 
been drawn for 60 F as no data existed for this temperature. 

The graphical studies, Fig. 10, show close agreement between 
the test data used by Jacobson and the Northwestern test data at 
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the higher pressure. A possible hazard exists in using data plotted 
in this way, because a small change in per cent compressibility 
means a much more significant change in the numerical value of 
the bulk modulus and a consequent error in the surge-wave 
velocity computation. 


CoMPARISON OF BULK Moputus VaLugs Wrrn WorkK oF OTHERS 


Fig. 11 shows a comparison of the Northwestern test data at 
about the median of test pressures with actual test data at 32 F 
and 60 F determined by other investigators. Library research 
disclosed that very few tests exist at lower pressures. A few tests 
have been found with a temperature gap as large as from 32 F to 
167 F. Gravity in degrees API at 60 F is used as abscissas, as in 
Fig. 10, but the ordinate is the bulk modulus instead of per cent 
compressibility. Several experimenters used 50 kg per sq cm or 
711 psi, which is the reason for selecting this apparently odd pres- 
sure value. Only the temperatures shown could be used, as these 
were the reported results, and no interpolation or extrapolation of 
test data is resorted to in the figure. 
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Fig. 11 shows the apparent variation in bulk modulus with API 
gravity in a more useful light for liquid-hammer purposes than if 
per cent compressibility is used. It also gives an opportunity to 
include a few more test-data points than are shown by Jacobson 
(9). Curves drawn by the authors indicate that the Northwestern 
tests ure in general agreement with the results by others, but a 
considerable variation in bulk modulus for a given API gravity is 
manifest. The graphs indicated to the authors that further in- 
vestigations are needed in order to arrive at more definite con- 
clusions as to the variation of bulk modulus with specific gravity. 
By interpolation and extrapolation of existing data with some risk 
as to accuracy of the conclusions, it is possible to show a relation- 


ship between values of bulk modulus of petroleum products and ° 


API gravity. Unfortunately, in order to do this, data must be 
used at pressures substantially above usual pipe-line pressures. 

Fig. 12 is similar in scope to Fig. 11, but shows the Northwest- 
ern test results at a pressure of 1000 psi for 80 F and at 100 F, 
compared with the results by others. The points shown are in 
some cases actual test-data points, but in other cases they are 
points obtained either by interpolation or extrapolation of actual 
test data. 

The solid-line curves in Fig. 12 are obtained from Jacobson 
(9), who used data by Jessup (8), Sage and Lacey, et al (12), to 
determine first the shape of the curve at 1000 psi and 100 F. This 
made it possible to determine the trend of the curves shown in 
Figs. 10, 11, and 12, at temperatures where only meager data are 
available. It appears from these comparisons that Jacobson’s 
curves represent the ‘‘minimum’’ bulk-modulus values for API 
gravities at 60 F. The dashed-line curves drawn by the authors 
represent their est'mate of an “average’’ determination of the 
relation of modulus to API gravity. The dot-and-dash curves 
show the “maximum” envelope of existing data. 


Discussion OF CURVES 


indicates that for petroleum products under a pressure of 


Fig. 12 


Variation or Temperature 
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1000 psi and with gravity above 00 API, the bulk modulus is a 
fairly well-defined value. 
As the API gravity decreases below that of gasoline at 
60, variation in bulk modulus from the 
pronounced. 


about 
Jacobson curve is more 
When the lower range in gravity is reached, in the 
neighborhood of the crude oils at API gravity of about 35, the 
variation is more significant. Fig. 11 shows that the foregoing 
statements are probably correct for pressures as low as 700 psi, 
although at that pressure no test data could be found by the 
authors on products having a gravity greater than 75 deg API. 
At the lower pressures, the variation in bulk modulus with pres- 
sure is even more significant, as shown in Figs. 7 and 8. 
Comparison 
In the field-test program carried out by the Joint Surge Con- 
ference, the actual velocity of the pressure wave could be a 
mined, based on the synchronized pressure time recordings a 


various points along the test sections. The accuracy of shia 
measurement was probably on the order of 1 per cent to 2 per 
cent, depending on the particular loc ation involved. 
By taking the data on the McCamey crude plotted in Fig. 7(a 
and interpolating between the 32 and 60 F curves, 
can be obtained fairly accurately. 


a 45 F curve 
This was the temperature ex- 
isting during the field tests, and the bulk modulus versus pressure 
is shown as the solid line in Fig. 13(a). If the assumption is made 
that the compressibility is uniform from zero to 1000 psi or 
higher, 
800 psi and 1500 psi can be extrapolated back to zero. This is 
13(a). It is believed that this 
particular procedure has been used in many instances to secure 


then a line tangent to the curve between approximately 
shown as the broken line in Fig. 


the bulk modulus in the lower pressure ranges. 

Table 1 shows the theoretical value of the velocity of the pres- 
sure Wave, based upon the 45 F Northwestern curve, and that ob- 
tained from the extrapolated line. The measured values sinas the 
field tests are given for comparison. 
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It will be seen that the calculated value on this basis, using the 
45 F Northwestern curve, is 3980 fps based upon a mean value of 
k equal to 218,000 psi. Ten of the field tests were examined, and 
the average velocity of the pressure wave was found to be 3998 
fps. The maximum value was 4090 fps and the minimum 3880 
fps. 

Applying this same procedure to the extrapolated curve, a 
mean value of 256,500 psi is obtained, or about 17.5 per cent 
When this is used in the 
theoretical formula for the velocity of the pressure wave, a value 
of 4296 fps is obtained and is nearly 8 per cent higher than the 
average of the field tests. 


higher than the Northwestern value. 


Similar comparisons were made with the tests on the Wink- 


Monahans crude, shown in Fig. 13(6), and the extrapolated curve, 
covering pumping tests, give a value about 2 to 3 per cent higher 
than would the Northwestern tests. 


TABLE COMPARISON TESTS; McCAMEY CRUDE 
T45F 


Extra- 
Line pressure, Bulk modulus, polated 
psi Northwestern tests 4 line 
125. 212000 
150 218000 
223000 
Mean value k........ 218000 


Velocity of pres- 

sure wave a: 
Calculated 

Test (avg of 10) 


3980 fps 420) 


3998 fps 
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In the Plantation series the curves shown in Fig. 13(c) were 
obtained on gasoline at 72 F. In this case the tests in the field 
indicated a velocity of 3620 fps with a calculated value from the 
Northwestern tests of 3590 fps as compared with 3640 fps using 
the extrapolated curve. 

It is evident that there is considerable variation from crude to 
crude and between crudes and refined products in the relationship 
between bulk modulus and pressure at a constant temperature. 
Where these curves do not depart by more than 5 per cent at the 
low pressures, an error in the velocity of the pressure wave can 
be quite small, probably on the order of 2 to 3 per cent. 

In the case of the McCamey crude, however, the difference in 
the weighted mean of the bulk-modulus value was over 17 per cent 
and the calculated value, using this figure, is 7 to 8 per cent 
higher than that measured in the field. 

Fig. 8 shows the results of the tests on a crude from the Middle 
East, and it will be noted that this material behaves more nearly 
like the McCamey crude and thus the possible error in determin- 
ing the velocity of the pressure wave and the magnitude of surges, 
as well as the damping of surges would be appreciable. 


CONCLUSIONS 


In any surge investigation where an accuracy closer than 5 per 
cent is desired, in the determination of maximum surge pressures 
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and the degree of damping of waves, it would be highly desirable 
to determine experimentally the bulk modulus of the material or 
materials to be transported in the line. 

This is particularly desirable when there is a substantial varia- 
tion in temperature, as well as variations in pressure in the system, 
so that such effects can be taken into account in any investiga- 
tion. 

The means of obtaining bulk-modulus data has been greatly 
simplified through the use of the apparatus described in this paper, 
and results can be made available in a matter of afew days after a 
sample has been received at the laboratory. 

Where there are large investments in pipe lines and particularly 
when low factors of safety are used in the design, it would seem 
highly desirable to know the bulk-modulus data in addition to the 
usual information concerning specific gravity, and viscosity varia- 
tions with temperature, and thus provide a more accurate basis of 
design than if pure assumptions from meager data are relied 
upon. 
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easier to follow if written 


where Ap = pressure increment in, psi 
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Discussion 


Joun W. Dasurect, Jr.§ In this paper Equation (1) might be 


a= 


Av = volume decrement produced by pressure increment Ap 
Figs. 7 (a, b, c) and 8 show an unexplained sudden decrease 


in bulk modulus as the pressure is lowered below 100 or 200 psi. 
Since the compressibility is the reciprocal of the bulk modulus, this 
would show a sudden increase in compressibility as the pressure is 
lowered below 100 to 200 psi. It suggests the presence of en- 
trained air or gas coming out of solution as the pressure is re- 


duced. 


Reference to the literature shows the compressibility of a wide 


variety of liquids including oils to vary directly with the tempera- 
ture and inversely with the pressure but it is difficult to explain 
any sudden deviation from a smooth curve as shown in the afore- 
mentioned figures since these curves show the bulk modulus to be 
approaching zero at zero pressure. This would mean that the 
compressibility becomes infinite at zero pressure (gage)—a con- 
dition that is exemplified by a perfect vacuum. 
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Measurement of 


J The demand for more accurate values of thermal effi- 
ciencies in modern steam power plants, together with the 
fact that the velocity of steam is often so high that the 
impact effect upon temperature-measuring instruments 
can no longer be neglected, has created a need for improved 
temperature instrumentation. Studies have been made 
of the performance, in moving air and steam, of various 
total-temperature-type wells suitable for use in steam at 
operating conditions. The instruments recommended 
for such applications, constructed so that the sensing ele- 
ment is surrounded by nearly stagnant steam, have tem- 
perature-recovery factors above 0.9, which do not change 
significantly with either the medium, its temperature, or 
its pressure. Although additional work remains to be 
done on reducing their sensitivity to flow direction and 
pattern, these wells, when installed in straight pipes 
through which steam is flowing at any velocity up to 725 
fps, yield total enthalpies which are accurate to within 1 
Btu per Ib. 


NOMENCLATURE 
The following nomenclature is used in the paper: ory 


= temperature, deg F or deg R 
p = pressure, psia P 


= specific volume, cu ft per Ib 
u = internal energy, Btu per Ib 
h = enthalpy, Btu per lb 


c, = heat capacity at constant pressure, Btu /lb deg F 
G = mass velocity, !b/sec ft? ; 
V = velocity = G, fps 


= Mach number 
5h = heat leak between specified stations, Btu per lb 


The subseripis s, ¢, and ¢ mean static, total, and indicated, 
respectively. 
> INTRODUCTION 
Normal progress toward more compact and more efficient power 
plants involves the handling and utilization of the working 
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Temperatures in 
High-Velocity Steam 


By J. W. MURDOCK? ann E. F. FIOCK? 


medium at ever higher temperatures, pressures, and velocities. 
Simultaneously with this trend toward more severe operating 
conditions there is a demand for increased accuracy in values of 
efficiency determined experimentally. This in turn requires a 
better knowledge of the state of the steam at various locations 
throughout the power plant, which can be obtained only with 
improved instruments and methods of measurement. 

Recognizing these facts, the Bureau of Ships is sponsoring a 
co-operative program of research and development at the Naval 
Boiler and Turbine Laboratory and at the National Bureau of 
Standards, aiming primarily to develop and evaluate more ac- 
curate instruments for measuring pressure, temperature, and rates 
of flow in steam systems. The present paper is restricted to a 
description of progress made to date on the measurement of 
steam temperatures. 

The three primary sources of error in the measurement of the 
temperature of a flowing gas are radiation, conduction, and the 
effect of impact due to directed motion. In steam systems, proper 
insulation of pipe walls causes their temperature to approximate 
that of the steam and makes the loss of heat from the tempera- 
ture-sensing element by radiation and corduction negligible, 
provided the instrument is designed properly. Thus the princi- 
pal element of uncertainty, so far as most applications in ste: m 
are concerned, is the impact effect. 

This effect in a flowing gas is of practical importance only when 
the directed velocity of the gas becomes appreciable in compari- 
Thus, 
se long as steam velocities were low, there was no impact prol lem. 
However, velocities now used and those contemplated in future 
power plants are so high that the impact effect upon temperature- 
sensitig devices no longer can be neglected. This becomes more 
apparent when it is recalled that such devices as thermocouples 


son with the mean velocity of random molecular motion. 


and resistance thermometers, either exposed directly to moving 


factor | gas or sheathed in protective wells, respond only to the trans- 
6 = angle of attack -— ~ lational energy of the gas molecules. 
g = acceleration of gravity, ft/sec? a 
R = universal gas constant, Btu/Ib deg Fo = THERMODYNAMIC CONSIDERATIONS 
J = mechanical equivalent of heat, Btu/ft Ib = Consider that a compressed gas is allowed to expand adia- 
: A = 1//, ft Ib/Btu ee —e from a large reservoir in which its velocity is nearly 


zero, through a nozzle to the atmosphere. The adjective “total” 
and the subscript ¢ are used to describe the quiescent state of the 
gas in the reservoir, while the properties of the moving gas, as 
they would appear to an observer moving with the gas and to 
whom the gas would appear to be static, are described by the 
adjective “‘statie’’ and indicated by the subscript s. 

For the adiabatic acceleration of the gas passing through the 
nozzle, and for the reverse process of deceleration as well, con- 
servation of energy requires that 


u, + = u, + Apy, + V*/QgJ........ {1} 


This relation holds, even in the presence of such irreversible 
phenomena as friction and shock waves, which influence the dis- 
tribution of energy among the three terms on the right, but not 
their sum. 
By the definition of enthalpy, this equation can be written in 
the form 


h, + V2/2gJ.............. (2) 
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which introduces the concept of two kinds of enthalpy, namely, 
a total enthalpy characteristic of the stagnant gas, and a 
static enthalpy characteristic of the moving gas, the latter being its 
enthalpy as it would appear to an observer moving with the gas. 
Obviously, it is the total enthalpy which is of interest in evaluat- 
ing thermal efficiency, since this includes the kinetic energy of 
directed motion, along with the more familiar form characterized 
by temperature and pressure alone. In the adiabatic process 
being considered, the total enthalpy of the gas remains constant, 
without regard to reversibility or deviations from the perfect-gas 
law. 

Dividing both sides of Equation [2] by c,, which is now assumed 
to be independent of temperature as is the case for a perfect gas, 
gives 

This introduces the concepts of total and static temperature, co- 
ordinate with the afore-mentioned concepts of enthalpy. Again, 
the total temperature is the temperature of the gas at rest, while 
the static temperature is that which would be indicated by an 
instrument moving in the same direction and at the same velocity 
as the gas. The two are identical in quiescent gas, but differ 
from one another in a moving gas, directly as the square of the 
velocity, and inversely as the heat capacity at constant pressure. 

When a perfect gas is subjected to an adiabatic expansion of the 
type being considered, not only the total enthalpy but also the 
total temperature remains constant. However, in an adiabatic 
expansion of an actual gas there is usually a small change in total 
temperature, and such changes were observed in the present work 
with steam. 

Obviously, it is impracticable to measure 7’, directly in a mov- 
ing gas. However, if an instrument designed to stop the gas 
adiabatically and reversibly is inserted in the stream, a tempera- 
ture-sensing element located in the gas so brought to rest will 
indicate its total temperature. This total temperature, together 
with the total pressure of the stagnant gas, suffices to establish 
the total enthalpy of any actual gas for which tables of these 
properties exist. 

When any device other than an idealized total-temperature 
probe is inserted in flowing gas, it will attain a temperature 7’; 
intermediate between 7, and 7',, because only part of the gas im- 
pinging upon it is brought completely to rest. That part of the 
kinetic energy of directed motion which is converted to heat upon 
impact raises the temperature of the device above 7,. Friction 
in the boundary layer of gas around the device also makes a con- 
tribution in this same direction, so that the amount of the increase 
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is a function of the configuration of the device and of the rate 
and pattern of the flow in its immediate vicinity. 

For accurate interpretation of the temperature indicated by an 
instrument located in a stream of high-velocity gas, the relative 
position of 7; with respect to 7’, and 7’, must be known. It is 
common practice to specify this position in terms of recovery 
factor r, defined as 


[4] 


These temperature relations, as influenced by velocity, are illus- 
trated in Fig. 1 which shows the temperature which would be in- 
dicated by instruments having recovery factors of unity, 0.93, 
0.65, and zero, if they were immersed in stéam at various veloci- 
ties, but always having a total temperature of 800 F, and a heat 
capacity at constant pressure of 0.5 Btu per lb deg F. These par- 
ticular recovery factors were chosen for illustration because the 
value 0.93 is typical of the wells to be described later, and 
0.65 is typical of a bare thermocouple junction. 


DEVELOPMENT OF INSTRUMENTS 


Characteristics Desired. The obvious advantages of using an 
instrument with a recovery factor close to unity are that the in- 
dicated temperature may often be taken as the total temperature, 
and that, in cases where higher accuracy than this is required, 
the small difference between 7; and 7; can be computed with 
ample accuracy from an approximate value of r. Stated in 
another way, the higher the value of recovery factor, the less is 
the practical importance of its actual value and of the effects of 
the operating variables upon it. 

Instruments of the total-temperature type*® have been de- 
veloped to a high degree for use primarily in high-velocity air 
streams such as are encountered in wind tunnels and in flight. 
However, these do not lend themselves to direct application in 
machinery containing steam at high temperatures, pressures, and 
velocities for the following reasons: 


1 They are relatively large and might therefore block off more 
of the flow passage than is tolerable. 

2 They would have to be made very sturdy to withstand the 
impact. and mechanical vibrations to which they would be sub- 
jected in steam systems. 

3 They are sensitive to the direction of flow, which may be 
unknown or variable within a machine. 

4 It would be difficult to provide «a pressure seal which is 
effective at high temperatures and yet allows ready replacement 
of the temperature-sensing element either during or between 
runs. 


Instead of attempting to adapt existing devices for service in 
steam, it was considered more practical to develop a modification 
which would approximate their performance, vet be free of some 
of their disadvantages and possess some distinct advantages over 
instruments designed for other applications. 

The temperatures of interest in steam systems are within the 
range of satisfactory performance of base-metal thermocouples, 
which sre sufficiently accurate for the intended purpose when well- 
There is much to recom- 
mend the use of thermocouples in this application, for example, 
low cost, small size permitting measurements in a limited region 


established techniques’ are followed. 


‘**Temperature Measurements in High-Velocity Air Streams,” 
by H. C. Hottel and A. Kalitinsky, Trans. ASME, vol. 67, 1945, 
p. A-25. 

“Temperature Measurements in High-Velocity Gas Streams," 
by L. Malmquist, Trans. of the Royal Institute of Technology, 
Stockholm, no. 15, 1948. 

*“The Use of Thermocouples in High-Velocity Gas Streams,’ 
by E. F. Fiock and A. I. Dahl, Journal of the American Society of 
Varal Engineers, Inc., vol. 60, 1948, pp. 139-162. 
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as well as surveys of gradients, ruggedness, simplicity of con- 
struction and installation, rapid response to changes in tempera- 
ture, and availability of indicating and recording devices which 
are accurate, simple to operate, and highly reliable. Therefore 
effort was concentrated on devices employing thermocouples as 
sensing elements, although the wells to be described may also be 
used with resistance thermometers. 

Because it seemed unwise for many reasons to expose thermo- 
elements directly to steam, the development of appropriate wells 
From the thermal standpoint, the inner tube of 
such a well should be small and thin to promote rapid response 
of the measuring junction and to reduce heat loss along solid parts. 
If the unit is to have a high recovery factor, the inuer tube must 
be surrounded by steam which has been brought as closely as 
practicable to stagnation. In addition, considerable mechanical 
strength is required, particularly resistance to vibration. It is 
highly desirable that, in case the more fragile parts should break, 
they be retained and prevented from passing through and damag- 
ing parts of the machinery. 

The remainder of this paper describes the development of wells 
to meet these requirements and the results to date of studies of 
their performance in streams of air and of steam contained in 
straight pipes. 

General Description of Equipment. 
economy, preliminary studies of the performance of wells were 
made in streams of air. These results were used in selecting the 
more promising instruments for evaluation in steam under operat- 
ing conditions. 


was desirable. 


For reasons of speed and 


The test systems using air and steam were essentially the same. 

* In both, the test‘imedium was accelerated from a low velocity in a 

pipe of large diameter by passage through an efficient nozzle. 
Fig. 2 is a schematic diagram representing both systems. 

The state of the medium was established accurately by meas- 
uring its temperature and pressure at station 1, in a region of 
low velocity. For determinations of recovery factor, the test 
instruments were placed in the stream at station 2 in the throat 
of the nozzle, where there were no significant gradients in tem- 
perature or velocity. Similar instruments also were located at 
stations 3 and 4. For the steam system, only those results ob- 


tained at stations 2 and 4 are presented here, because the flow 
pattern at station 3 was not well enough known. 

Glass-insulated duplex iron-constantan thermocouples were 
used with both test media. The stock of wire was calibrated at 
frequent intervals along its length, and the thermoelectric prop- 
erties were found to be sufficiently uniform that a single calibra- 


Fic. 2) Scuematic DraGraM or Test Systems 


hermocouples in any one installation 


tion could be used for all t 
The basic temperature of the medium was observed at station 1, 
and the temperatures at other stations were determined by 
measuring differences therefrom. 
were measured with Brown Electronik self-balancing potentiome- 
ter indicators, graduated to 2 microvolts, and read by esti- 
mate to the nearest microvolt. In all measurements the reference 
junctions were maintained at 32 F in a slush of ice. In view of the 
precautions taken, the probable error in a single observed value 
of temperature «difference is believed to be 0.1 F or less. 
This estimate includes only the error in determining the tem- 
perature of the measuring junction and not that due to any 
difference in temperature between this junction and the medium. 

Results Obtained With Air. The first testsof temperature probes 
were made in an air system consisting essentially of a 4000-cfm 
blower discharging into a 12-ft length of 10-in. pipe, thence 
through a nozzle having a throat diameter of 3.26 in., a diffuser 
with a 7-deg included angle, and into the atmosphere. This 
equipment is shown diagrammatically in Fig. 3. The thermo- 
couple wells were mounted singly in the throat of the nozzle in 
the region of uniform velocity, and the performance of each 
type was evaluated in terms of recovery factor as a function of 
velocity or Mach number (M). 

At velocities above 700 fps (M = 0.63), local shock waves were 
formed, and the observed values of recovery factor became 
erratic. By increasing the temperature of the air so that the 
dew point was not reached in the nozzle, it was demonstrated that 
the observed scattering was not due to condensation shocks. 
Therefore a similar phenomenon is to be expected in steam, but 
only at higher velocities, since the temperature and hence also 
the velocity of sound in steam is usually higher. 

In later tests with air, the blower was replaced by a centrifugal 
compressor, and a long run of straight tubing was substituted for 
the exit diffuser in Fig. 3. No thermal insulation was used in 
either arrangement since the inlet air was only slightly warmer 
than the atmosphere. In both systems the loss of heat between 
stations i and 2 was negligible. However, there was sufficient 
heat leak between station 1 and those 50 or more diameters down- 
stream to make the observed temperatures unreliable, so that 
this work must be repeated. 

The nozzle used with air had been calibrated previously so 
that the rates of air flow could be determined from measurements 
of the drop in pressure across the nozzle. 

In the early stages of this program the recovery factors of the 
following simple devices were determined: cup-type total-tem- 
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perature probes, bare junctions, evlindrical wells of various 
diameters, and wells of elliptical and teardrop cross section. 
As will be seen in Fig. 4, all of these except the cup type have 
recovery factors lower than was desired. 

The next step was the development of devices having protect- 
ing tubes concentric with inner wells, with openings in the up- 
stream faces of the outer tubes to admit gas to the annulus. 
The inner wells, containing the measuring junctions, could thus 
be surrounded by stagnant gas. It is well known that the outer 
tube can be made to approach the total temperature of the gas 
more closely if some of the stagnant gas is bled downstream. 
It was found experimentally that the recovery factor of the unit 
was greatest when the area of the downstream or bleed holes was 
This 


area ratio Was maintained in units made and tested subsequently. 


approximately one tenth that of the openings upstream. 


Among the various wells tried, those which seemed most 
promising are illustrated in Fig. 5 and shown in more detail in 
Fig. 6. 
the central tube obscures them. 


The bleed holes in Type A Fig. 5, are not visible because 
Type A can be installed in odd- 
shaped spaces, and Type B is to be preferred for use in pipes 


and in spaces where support at both ends is possible. For eon- 


DiaGRAM OF AIR SYSTEM 


venience these types are designated as cantilever and fixed-beam 
wells, respectively. 

The recovery factors of wells having the dimensions shown in 
Fig. 6, as determined in air, are shown in Fig. 7, with the curve 
for the cup-type junction repeated from Fig. 4 for comparison. 
It will be noted that the recovery factor of the fixed-beam well is 
higher than-that of the cantilever well, and that it changes less 
with the 
wherever its installation is practicable 


recommended 
Due to the support at 
both ends, this type can be made smaller and lighter for use in a 
stream of given Mach number. Therefore it will block less of the 


The 


velocity. Thus the use of former is 


flow passage and be less subject to errors from conduction, 


rele 
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stagnation pressure within the well can be transmitted through a 
connection at either end. It is to be noted that the inner well of 


either type will be retained in case of breakage. 


With the second air system mentioned previously, wells were 
installed at stations 3 and 4 in regions of fully developed pipe 
turbulence. Average total pressures were determined by Pitot- 
tube traverses at the test stations, after which the test wells were 
substituted and measurements were made at the same flow rates. 
Wells with 5, 7, and 9 holes of the size and spacing shown as 
Type B in Fig. 6, were used. The 5 and 7-hole wells were iden- 
tical with the 9-hole well, except for the omission of holes nearest 
the wall. Stagnation temperatures and pressures within the 
wells were measured, but because of heat loss only the latter are 
considered significant. 

All three wells were found to develop stagnation pressures which 
are higher than the average total pressure of the turbulent stream. 
As might be expected from the known form of the velocity gradi- 
ent, the 5-hole well, having holes only in the region of higher 
velocities, attains the higher stagnation pressure, and the 9-hole 
well is nearest to, but still above the average total pressure. It 
seems probable that a well of this type can be designed to attain 
the average total pressure more exactly, by proper location of the 
holes. Further investigations are planned, 

Another item of practical interest with regard to wells of this 
type is the effect of angle of attack 6, since the direction of flow 
in certain test spaces may be both unknown and variable. The 
effect of direction of flow upon the stagnation pressure attained 
in the 5-hole well was determined at station 2, and corresponding 
tests were made with the 9-hole well in regions of fully developed 
turbulence. These results are shown in the lower curves, Fig. 8, 
in which the position indicated by 0 deg designates that the larger 
holes in the well were pointed directly upstream. 

High sensitivity to angle of attack is undesirable, and some 
modification to reduce it seemed in order. 
length of tube was soldered to each of the upstream holes of the 
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5-hole well, at an angle of 90 deg with the axis of the well. This 
unit, again tested in the nozzle, gave the results shown in the 
uppermost curve in Fig. 8. 
to angle of attack indicates the desirability of using the projecting 
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tubes in applications where the direction of flow is uncertain. No 
tests have been made in steam with this type of well. 

Studies of the type described, obviously, should be made on a 
temperature as well as a pressure basis, and this will be under- 
taken in the near future. 


EVALUATION OF Fixep-BeEAM WELLS IN STEAM 


Test Equipment and Method. To date the tests in steam have 
been confined to fixed-beam wells in a straight run of pipe. 
Using the system shown diagrammatically in Fig. 9, the basic 
conditions of the superheated steam at station 1 were varied over 
the following ranges: Temperature, 450 to 625 F; pressure, 20 to 
200 psia; and flow rate, 10,000 to 30,000 Ib per hr. 

In a system having the dimensions indicated in Fig. 2, the 
maximum velocity attained in the throat of the nozzle (station 2) 


was about 725 fps. At station 4, the average velocity across the 
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section had « maximum value of 1150 fps. 

As indicated in Fig. 9, steam produced in a superheat-control 
boiler passed through an appropriate sharp-edged metering ori- 
fice, 2 control valve V,, and thence through a nozzle to the test 


station. 


approximately 


After passing through «a second control valve V5, it was 
condensed and led to one or the other of two tanks, which were 
weighed alternately every 3 The weighing-tank 
were used in calibrating the metering orifice, the pressure drop 
across which could then be used as an accurate measure of the 
flow rate at any time of specific interest. 


min. data 


Steam pressures were observed with a combination of 16-in. 
suppressed-zero Bourdon gages and high-pressure mercury man- 
ometers used differentially. Static pressures were measured at 
each station with a Bourdon gage connected to a sharp-edged 
pressure tap located Hush with the inner wall and about one pipe 
diameter upstream. At each station a manometer was used to 
measure the difference between the static pressure and that inside 
the well. Appropriate steam traps were installed at the level of 
the test system in all gage and manometer lines, and corrections 
were applied for the water columns to the instruments located 
approximately 15 ft below. 

The measuring junction in each thermocouple well was located 
at the center of the pipe. 
showed no measurable difference in temperature over the cen- 
tral half-diameter. 

The entire test system was lagged with 4 in. of insulation suita- 
ble for service under the conditions of these tests. At each 
operating temperature and flow rate, one or more runs were made 
at high pressure and low “velocity, i.e., with valve Vj, Fig. 9, 
open, and valve V2 partially closed, in order to evaluate the heat 
leak through the lagging. 
loss between stations | and 2. 
was between 0.1 and 0.4 Btu per lb, depending on the temperature 
and the flow rate. In making the calculations for each run, the 
value of h; at station 2 was considered identical with that at 
station 1, and the heat leak (6h) between stations 1 and 4 was 
subtracted from the value of A; at station 1 to get the prevailing 
value of A; at station 4. 

In making a run, previously selected conditions were estab- 
lished in the boiler, and then in the test system by operating 


However, a limited number of traverses 


In no instance was there a measurable 
The loss between stations 1 and 4 


valves V,; and V2. Observations were made only after a con- 


siderable time, in which a steady state was reached throughout 
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the test system and its insulation. Thereafter all temperatures 
and pressures were read in simultaneous cycles requiring about 2 
min, until changes observed in three successive cycles were in- 
significant. 
read periodically in the same interval, and the weight of conden- 
sate was determined every 3 min. 

Results Obtained With Steam. A great many tests with steam 
were required to establish the characteristics of the thermocouple 


The drop in pressure across the metering orifice was 


However, a summary of the results can be made simple, 
because it was jound that the performance of the fixed-beam wells 
does not change significantly with either temperature, pressure, 
or flow rate, except in so far as these characteristics influence 
velocity. Therefore the results may be presented as a function 
of velocity alone, as is done in Fig. 10, for wells having the form 
and dimensions shown in Figs. 5B and 6B. The filled and open 
circles apply to wells located at stations 2 and 4, in regions of 
uniform and nonuniform velocity, respectively. In Fig. 10A, 
differences in temperature are plotted against velocity, and the 
same results are shown on an enthalpy basis in Fig. 10B. 

The total temperatures were calculated as follows: The value 
of h, can be obtamed from the known values of h,, p,, and G, 
because Equation [2] and the relation 


V = Gr, 


must hold simultaneously, and because h, and rv, are dependent 
variables. In the mechanics of solving Equations [2] and [5], 
an equation relating h, and v, may be used as suggested by 
Keenan.’ Alternatively, advantage may be taken of the rela- 
tion which is implicit in the steam tables, and h, may be calcu- 
lated by successive approximations, as was done in computing 
the present results. Knowing /, and », fixes the value of entropy, 
which in turn has the same value at the stagnant state. The 
latter is fully defined by the entropy and h,, 80 that the corre- 
sponding values of 7’, and p, may be read from the tables. 

The indicated enthalpy h, is that found in steam tables for the 
observed values of temperature 7’; and pressure p;. Corrections 
for heat leak were applied only at station 4, as explained pre- 
viously. 


7 “Friction Coefficients for the Compressible Flow of Steam,”’ by 
J. H. Keenan, Journal of Applied Mechanics, Trans. ASME, vol. 61, 
1939, p. A-11. 
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The most important fact demonstrated by Fig. 10 is that every 
_ experimental value of h; at both test stations is within less than 
one enthalpy unit of the value of h, determined at station 1. 
Thus the observed values of 7’; and p;, without any correction for 
recovery, establish values of enthalpy which are correct to 
within better than 1 Btu per lb at velocities up to 725 fps, for 
both uniform flow and the velocity gradient characteristic of fully 
developed pipe turbulence. Therefore wells of the type de- 
scribed are recommended without qualification for use in steam, 
since these will give more accurate values ef enthalpy, without cor- 
rection for imperfect recovery, than wells of any other type known 
to have been used in stesm systems. 

The results obtained directly from the wells, without correction 
for recovery, are of the accuracy specified only because the re- 
covery factor is high. At first it might be thought that applica- 
tion of corrections based upon the known recovery factor would 
further reduce the error. This is correct if the well is located in a 
region of uniform velocity such as prevailed at station 2, as will 
be evident from the pattern of the filled circles in Fig. 10. These 
are all above the base line of zero error, and they show an upward 
trend with velocity. In fact, recovery factors calculated from 
these data are in excellent agreement with values obtained in 
air and shown in Fig. 7. 


On the other hand, when the well is located in a region of fully 
developed pipe turbulence, as at station 4, application of correc- 
tions for recovery, as determined in the nozzle, would increase 
the accuracy of the final results in the range of lower velocities 
and decrease it at high velocities. This is apparent from the 
pattern of the open circles in Fig. 10 which show a downward 
trend with increasing velocity and fall below the base line at high 
velocities. 


4 


Corrections applied for imperfect recovery would lower all 
of the open circles and thus increase the errors of those points al- 
ready below the base line. 

To date the performance of the wells has been studied only in 
regions of uniform velocity and of velocity gradients charac- 
teristic of fully developed pipe turbulence. Neither of these flow 
patterns occurs frequently in operating steam systems, so that 
much experimental work remains to be done on the effects of up- 
stream disturbances created by valves, strainers, bends, ete. 


However, the results of such studies will serve merely to evaluate 
corrections which are believed to be quite small, and the interim 
use of the wells without correction seems to be in order. 

Problems Incident to Velocity Gradients in Steam. The problems 
incident to proper interpretation of results determined with wells 
located in regions where velocity gradients exist are believed to 
involve the nature of the sampling accomplished by the well, 
and the differences between steam and a perfect gas. Present 
results show that the net effeet of these and the imperfect re- 
covery is very small in regions of fully developed pipe turbulence. 
This may not be the case in the presence of velocity gradients of 
other types. 

An analysis of the probable effects of velocity gradients is a 
desirable step in planning future experiments. Such a study has 
led to a plausible qualitative explanation of the apparent anoma- 


lies of Fig. 10, but its presentation here would require more 
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space than is available. Hence this will be postponed, pending 
completion of additional experimental work. 

In the course of future work in steam, it is hoped to study the 
performance of cantilever wells, to extend the present measure- 
ments to higher velocities, to measure the effects of upstream 
disturbances and angle of attack, and to determine the effective- 
ness of tubes projecting from the upstream openings in reducing 
the effects of the latter. 


CONCLUSION 


Meanwhile, the use of wells of this type in steam is recom- 
mended without qualification, since these will, without any cor- 
rection for recovery, give more accurate values of enthalpy than 
wells of any other type known to have been used in steam systems. 
The fixed-beam wells described, when installed in straight pipes, 
yield directly values of temperature and pressure which estab- 


lish the enthalpy of steam moving at velocities up to at least 725 — 


fps with an error of less than 1 Btu per lb, regardless of whether 
the flow is uniform or characteristic of pipe turbulence. 

Application of corrections for recovery of the wells reduces the 
remaining error in regions of uniform flow. 
application of corrections determined in uniform flow to devices 
used in regions of nonuniform velocity may decrease the ac- 
curacy, so that, until more is known about the effects of gradients, 
it is considered wise to apply no corrections at all. 

Additional studies to be made in both air and steam systems 
are expected to yield only minor improvements in the perform- 
ance of the wells and in the interpretation of results obtained 
therewith. These improvements may be of practical importance 
where highest accuracy is essential, in which case the tempera- 
ture, pressure, and flow instrumentation must be highly refined 
and used with great Otherwise, some single error in 
measurement may be greater than that due to imperfect re- 
covery, thus making the application of small corrections for the 
latter entirely futile, 
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This paper develops the theory of the shunt-motor relay 
servomechanism in terms of dimensionless motor param- 
eters. 
illustrating the effect of parameter changes on the sta- 
bility of the servo for three forms of input signal. The 
first two forms of input signal, a step function and a uni- 
have been discussed before and 
The third form of 
a sine function, is of most interest and is 
The phase-plane curves, ob- 
tained from a differential analyzer, show three modes of 


Operating curves are drawn in the phase plane 


form variation with time, 
are included only for completeness. 
input signal, 
treated at greater length. 


operation which have been related to the servomechanism 
parameters by a relatively simple expression. 


INTRODUCTION 


KLAY servomechanisms have been used in several applica- 

tions requiring high performance with a minimum of com- 

plex apparatus. 

this paper have been discussed by Hazen (1),? MacColl (2), and 

Weiss (3) in earlier papers, and the application of the phase-plane 

diagram has been presented in some detail by Minorsky (4), and 
Andronow and Chaikin (5) 

The usefulness of the phase-plane diagram would be greatly in- 


The general methods of analysis given in 


creased if the motor parameters were expressed in dimensionless 
about a median value of 
requirements of 


- quantities having a limited variation 
unity. In order to fulfill the 
parameters, the techniques used by the electrical engineer when 


dimensionless 
working with power machinery will be employed. These ideas 
are not new but a review of the concepts may be in order. 

All electrical machines have name plates stating those values 
and frequeney which 
the manufacturers consider as nominal when designing the ma- 


of voltage, current, speed, power output, 


chine. Values deviating from name-plate values may be ex- 
pressed in actual values, per cent of rated values, or as a decimal 
ratio of the rated value. 
of being dimensionless and of entering directly into the computa- 
tions without the decimal-point trouble introduced by the per- 
Since the decimal ratio of the existing value 
instead of 100, it is called 


The decimal ratio has the advantage 


centage notation. 
to the rated value has as its norm unity, 
the ‘‘per unit value.”’ 

If, for example, a motor is operating at 90 volts instead of the 
rated 120volts and draws 1.2 amp from the line instead of 1.5 amp 
as rated, then it is operating at 0.75 per unit voltage and 0.8 
per unit line usual unit 
values is ‘‘pu.”’ 


current. The abbreviation for per 


! Professor in Engineering, University of California. 

? Assistant Professor in Engineering, University of California. 

* Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Contributed by the Industrial Instruments and Regulators Divi- 
sion and presented at the Spring Meeting, Washington, D. C., 
April 12-14, 1950, of Tae American Soctety oF MecHANIcaAt ENaI- 
NEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, Janu- 
ary 30,1950. Paper No. 50—S-13. 


4 Relay Servomechanisms 
Shunt-Motor Servo W 


HURTY,? LOS ANGELES 


1163 


th Inertia Load 


, CALIF. 


Direct-current motors are characterized by three physical re- 


lationships as follows: 


1 The torque developed on the armature is proportional to 
the product of the armature current, and the magnetic flux enter- 
ing the armature surface. 

2 The voltage generated in the armature conductors, due to 
their motion in the magnetic field, as a consequence of rotation, is 
proportional to the product of the angular speed and the mag- 
netic flux entering the armature surface. 

3 The armature-circuit relations for a motor are such that 
the voltage applied to the armature is composed of two com- 
ponents, namely, (a) the armature-circuit resistance drop; and 
(b) the generated, or back voltage. 


These three relationships may be expressed algebraically, for 
a shunt motor, as follows 


B, = Ke 8 @ volts. ... 


developed torque, lb-ft 
7, = armature current, amp 
ft ® = useful or active magnetic flux, webers 
E, = generated or back voltage 


S = armature speed, rpm 


E = applied armature voltage, volts 
R, = total motor armature-circuit resistance, ohms — 
K,, K» = constants of proportionality 


Kquations |1], [2], and [3] may be rewritten in terms of per- 
unit quantities by expressing all terms as ratios of the motor 
rated values. For the problem under investigation, the motor is 
considered to be operating at rated field flux corresponding to 


full voltage on the motor field 


m = ky, .. [4] 


e, = ke [5] 
dt 
1, = (dimensionless)... . 
where 
M developed torque 
m = per unit terque = 2 eee 
M, rated torque 
I, operating armature current 
i, = per unit current = = : 
rated armature current 
ky = constant (dimensionless) 
E, generated voltage 
é, = per unit generated voltage = = - — 
E, rated voltage 
output angle 
= per unitangle = = 


rated angle 


win 
~~ 
| 
— 
(2) 
( ory: 


0, = rated angle by definition, ‘‘angle the motor passes 
through in 1 sec at rated angular velocity” 
ke = constant — seconds 
applied voltage 
¢ = per unit applied voltage = —— = 
rated voltage 
= per unit resistance 


Rated voltage 


k, and ky should be determined from test data under operating 
conditions. 


A relay servo with an equivalent inertia load on the motor 
shaft may be represented as in Fig. 1. 


‘ 
The, RELAYS 
HE, MOTOR 
[—]cear_ Box 
SCHEMATIC OFA RELAY SERVO a 


Fig. 1 Schematic oF A RELAY SERVO 
The electrical connections are arranged in such a manner that, 
for every input angle 6,;, the relays operate the motor to make @%> 
approach the value of 6;. The difference between these two val- 
ues is called the error and is defined as 


per unit 


The term & is one half the dead space between the relay oper- 
ating points and is taken to be symmetrical about the point of 
zero error. There are, therefore, three conditions of motor opera- 
tion; (a) full voltage on the motor armature in the forward di- 
rection, (6) the motor armature short-circuited for dynannc 
braking, and (c) full voltage on the motor in the reverse direc- 
tion. The motor performance is described by a linear differen- 
tial equation, for each of these conditions of operation, as de- 
rived from Equations [4], [5], and [6]. 

Substitute Equation [5] in [6] and the result in Equation [4] 
to obtain the equation for the per unit developed torque 


To 


The developed torque is opposed by the inertia torque if 


windage and friction are neglected. Then 
[8] 


where 


J = moment of inertia referred to motor shaft, (lb-ft sec?) units 


Equation [8] must be corrected to dimensionless units by 
dividing by rated M, and then converting the angle to per unit 
angle. The result is 


The combination of Equations [8] and [9] produce the equa- 
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tion of motion under conditions of a positive error greater than 
the dead zone 

ky ke hye 


= or & 


> & {10} 


a 

In order that the relay servo be correctly described in its mo- | 

oF 

| 

tion, there must be two more equations corresponding to the 

other zones of operation 


M, dt? r, dt 
and 
M, dt? re dt "a wiv 


Equation [10] describes the forward motion, Equation [11] the 
braking action, and Equation [12] the reverse motion. 

These equations are in terms of per unit angle and seconds of 
Motors may have a wide range of rated speeds and arma- 
ture iuertia, and it will be convenient to express time in terms of a 
Dimensionless 


time. 


dimensionless unit such as a “time constant.” 
time is expressed as 


where 


16, dt 
dt dr dr 


hence, with the relation (dt)/(dr) = T 


= go 


dt 


and in a similar manner 


dt? T? 


Equations {10}, [11], and [12] are then written as 


The range of factors on the right of Equations {15] and [17] for 
normally designed motors may be 


0.06 < r, < 0.2 (dimensionless) 


0.8 < e< 1.5 (dimensionless) 


0.8 < k, < 1.5 (dimensionless) 


4 
POAT 
ryt 
8 
byte 
T = sec 
f 
A new en written as 
| * 
4 
| 
| 
chic 
| 


—0.7 < ke < 2.0 sec = 


< < 2.0 sec? 


and the dimensionless term (J0,r,e)/(.V,k:k27) may range from a 
minimum of 0.05 to a maximum of 1.5. Under actual condi- 
tions the value may cover a smaller range about 1. 

The equations of motion, Equations [15], [16], and [17], are 
in terms of per unit motor-shaft angle and per unit time. It will 
be more convenient in discussing the servo performance to have 
the results in terms of the per unit error angle and per unit time 


= n(O; — &) perunit............... [18] 


In the usual case 6; is some function of time and should be repre- 
sented as 9;(,); however, only three cases are of general impor- 
tance and will be considered in this discussion as follows 


Case 1 0,(¢) = radians = {19] 
Case 2 O,(t) = mt + [20 | 
3 = A cos (ft + a) radians................. [21] 


: Rewriting Equations [19], [20], and [21] in terms of 7 and per 
angle 


mT 


0,(r) 


From Equations [13], [14], and [18] 


cos (87'r + aw) per unit............. 


r 


d d d — 
do = (0) =n ( dr — [25] 
a d? d* 
gu = dr (A) =n (+ 0; dr? eee {26} 


Substituting Equations [25] and [26] in [15], [16], and [17] 


4 = 97 | 
then 
d? d 
=—B+ a? + dy & > [28] 


i 
= + —E<X EX +6 ..... [29] 


d? + d 
dr 


Gir) — Eo... [30] 

Equation [28] corresponds to Equation [15], Equation [29] to 
Equation [16], and Equation [30] to Equation [17]. 

Equations [28], [29], and [30] are general for the problem under 
study, and there remains only the substitution of Equations 
; {19], [20], and [21] to formulate the equations for Cases 1, 2, and 
3 


Case 1. From Equation [22] 6;(,) is a constant, hence 
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DA 
~ and Equations [28], [29], and [30] reduce to 


— &KE< + &........... (32) 
= +B 


This problem has been discussed by MacColl (2) for a single 
value of the parameter B. Additional data are given here for a 
range of values of B. 

Equations [31], [32], and [33] may be integrated by separation 
of variable. Since phase-plane diagrams are desired, let 


| 


upon integration there results 


s = —B— § + Bin(B + &) + const & > &....... [34] 


& + const — & < & < .. (35) 


& = +B— § — Blin (—B + &) + const & < — &. . [36] 


These equations completely represent the relay servo opera- 
tion in the phase plane. It should be noted that the &-curves _ 
as a function of § are determinable to a constant and hence, 
once a curve is determined, any other curve may be found by _ 
shifting the first curve parallel to the -axis. 

Fig. 2 illustrates curves for various values of B from 0 to 4, 
and may be used directly for design. 

Case 2. The derivatives of Equation [23] are 


ef 


d mT 
Gir) = 
dr 
which is a constant D 
— bir) = 0 


and Equations [28], [29], and [30] become 


$+6 © +D —H<&< +&.......... (38 
= +B+D &<—&.... .. (39) 

Upon integration in the same manner as for Case 1, the equa- 7 
tions reduce to ‘ 
& = —(B— D)—é& +(B — D)In (B— D) + &) 

+const > &....... (40) 


& = D— & —Din(—D + &) + const —& <8 < + &.. [41] 
+(B + D)— & —(B + D)In [—(B + D) + &)} + 


const 


ae 
— 
4 
= \ 
and the equations become 
— 
4 = = ae = 0 
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These equations represent the relay operation in the phase 


plane. It should be noted that Equation [40] is similar to 
ge [34] upon substitution of B = (B D) in Equation 
[40]; Equation [41] upon substitution of B = D becomes Equa- 


tion [36]; and Equation [42] upon substitution of B = 
becomes Equation [36] 
obtained from Fig. 2. 
Case 3. Case 3 is by far the most interesting in servo applica- 
tion because of the numerous occurrences, and the difficulty met 
in reducing the equations to phase-plane trajectories. 
From Equation [24] the following derivatives are obtained 


(B + D) 
Curves for design purposes may be 


d 
67) = BT sin (8Tr 4+ a@) 
dr 0, 
ad? 
~ cos (BT'r + a) 
dr? 


Substituting in Iquations [28], [29], and [30] and defining 


= = cos 6 
V1 + 
BT 
and == = sin 6 
V1+ 8°T? 
then 
=—B BT V1 + sin (BT'r + aw + 5) & > & 
[43] 
= BT V1 4+ 8°T? sin (87T'r + @ + 38) 
<E < + & . [44] 
A 
e+e=+B— BT V1 + 8?T*sin(8Tr + a +6)&< — 
[45] 
Case 3, as represented by Equations [43], [44], and [45], 


cannot be reduced to equations independent of tithe such as are 
necessary for phase-plane trajectories, and other methods must 
be used. Of course each equation is a linear differential equa- 
tion’ with constant coefficients, and the,solutions are well-known 


factors of the time r. One possible method of solving Case 3 is 
to compute step-by-step numerical data for each branch of the 
trajectory until it reaches steady state. Such a procedure is 
tedious, to say the least, and would not be practical for many 
solutions. 

Since the purpose of this investigation is to determine design 
criteria, if possible, which would be sufficiently general to be of 
value to the servo user, a more efficient attack on the problem is 
The mechanical differential 
problem and was used to obtain over 50 solutions for wide ranges 
of the 

The phase-plane trajectories fell into three distinet classes as 
illustrated in Figs. 3, 4, and 5. Each class was characterized by 
a limit eyele having a period equal to that of the driving force, 
which in this case is the same as the period of the input angle, 
and having a stable motion that repeats over the same path for 
each successive cycle. 


needed. analyzer is suited to this 


variables. 


The limit cycle shown in Fig. 3 is somewhat analogous to 
resonance in linear systems in that the amplitude is large. From 
the point of view of the servo designer the motion appears to be 
unstable since the output does not follow the input with any- 
thing resembling a small error. By definition this type of mo- 
tion will be called “unstable performance.” 

The limit cycle shown in Fig. 4 is more desirable from the 
operating point of view since the servo follows the input very 
closely in one direction, but lags the input in the other direction. 
By definition this type of motion shall be called “quasi-stable 
performance.” In this motion the motor approaches one side of 
the dead space with approximately the velocity of the input 
angle and is able to follow the input for about a half-cycle. As 
indicated by the number of small loops, the motor-relay com- 
bination chatters about one edge of the dead space until the 
input angle reverses direction. At the instant of reversal the 
input velocity is zero, and the motor velocity is almost zero if not 
zero. The motor remains stationary until the input has moved 
sufficiently so that the error passes through zero to the other side 
of the dead zone. By this time the relative velocity of the input 
to the output is so great that the motor is unable to accelerate 
fast. enough to overcome the input lead. The motor continues 
to follow without catching up until the input again reverses and 
the cycle repeats. 

The limit cycle which is shown in Fig. 5 represents a de- 
sirable servo action in that the motor follows the input very 
closely by chattering about each side of the dead space. By defi- 
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nition this type of motion shall be called “stable performance.”’ 

Since the relay servo is a physical system, and the parameters 
may be varied uniformly over wide ranges, one might expect that 
the three types of motion are different phases of the same mo- 
tion, and that these phases have no sharp line of separation. Re 
sults obtained from the differential analyzer show that the phases 
do blend smoothly without sharply defined boundaries but it is 
possible to predict with a reasonable accuracy the type of motion. 

Most of the phase-plane trajectories were taken for a dead 
space of +& = 0.1 per unit angle and correlations for unstable, 
quasi-stable, and stable performance were referred to this dead 
space as a base. The best correlations were obtained by use of 
the following empirical expression 


= N < 0.6 stable performance 
y 1 + & 0.6 < N < 0.85 quasi-stable 


6, B2 0.1 performance 
N > 0.85 unstable performance 
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Fig. 6 illustrates the type of correlation obtained. The fit 


is not perfect as there are two points not in the proper region but 
since sharp boundaries are not to be expected, the fit is sufficient 
for use as a design aid. 


oF Deap-Zons WipTH 


The empirical expression for V, Equation [46], indicates that 
as the dead-zone width increases, the servo becomes more un- 
stable in performance. This is confirmed by the results shown 
in Figs. 7 to 11, inclusive, where the dead zone has been increased 
in width from zero to 0.15. 

The phase-plane trajectories go from a perfectly stable per- 
formance, one that closes down on the point of zero error, Fig. 
7, through successively less stable performances, Figs. 8 and 9, 
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to the unstable performance in Fig. 12. The quasi-stable per- 
formance lies in the upper portion of the region defined by 
Equation [46], as indicated by a comparison of Figs. 9 and 10. 
The servo has not yet reached the quasi-stable state for the con- 
ditions of Fig. 9, and has just passed through that state for the 
conditions of Fig. 10. 

The introduction of a relay time lag always decreases the sta- 
bility of the servo. A comparison of Fig. 12 with Fig. 11 indi- 
cates that with time lag the maximum errors increase, and the 
limit cycle becomes more open. 

A similar sequence, Figs. 13, 14, and 15, shows the effect of in- 
creasing dead-zone width on a trajectory for unstable perform- 
ance. As predicted from Equation [46], the unstable limit cycle 
does not become more stable. On the other hand, once the servo 
is unstable and as long as the driving amplitude, A/@,, is less 
than one half the dead-zone width, &, the maximum error does 
not change appreciably. Table 1 in the Appendix shows that 


for a change of dead zone from +0.1 to +0.75, the maximum 
amplitude changes from 1.362 to 1.380. When the dead zone is 
+1.0 the maximum amplitude decreases slightly to 1.345, and 
when the dead zone exceeds the driving amplitude, the servo 
motor eventually comes to rest within the dead zone at such a 
point that the relays are never excited. The error trajectory is 
then equal to the input trajectory and is a circle or ellipse. 
An estimate of the maximum error may be found from the ex- 
pression derived in the Appendix. 
The effect of relay time lag again increases the maximum error, 
for the case shown in Figs. 14 and 16, from a value of 1.377 to a 
value of 1.500. 


ArRMATURE-CircuIT RESISTANCE 


It would appear from physical reasoning that upon increasing 
the armature-circuit resistance, the servomotor response would 
be more sluggish, and possibly the performance would be more 
stable. This is not the case, however, since the armature-cir- 
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period equal to the input period. If, for instance, the servo 

starts with a very large error, or error velocity, or a combination 

of both, the nature of the electrical connections are such as to re- 

duce these errors to some minimum value. On the other hand, 

: _ if the servomotor started from rest at the instant of both zero 
error and zero-error velocity, the change of input eventually 

_ would cause the relays to operate and start the motor. Once 

the motor has started, the amount of overshoot increases as it 


passes through the boundaries of the dead space until it reaches 
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RELAY TIME DELAY « 0.17 


Fic. 16 Retay Time Detay = 


cuit resistance enters into both the parameter B and the time 
constant 7. With a change in the time constant 7’, there is an 
accompanying change in the size of the units of T and a change 
in the size of the units of error velocity &. 

External resistance may be included in the armature circuit, 
provided it is included in the armature circuit for all conditions 
of operation. In other words, this analysis does not account 
for a voltage source with an internal resistance. 


CONCLUSIONS 


This study has indicated the difficulties encountered in relay 
servo investigations whenever the input is a function of time. 
There appears to be no direct method of solving for phase-plane 
trajectories in problems of the Case 3 type where the first and 
second derivatives of the input functions are functions of time. 
In these cases, one approach to the problem seems to be by way 
of differential-analyzer solutions for many varied cases, and an 
attempt to correlate the results. 

The results of this study have been sufficiently encouraging to 
warrant a continuation of the work for various output-load 
systems and various types of motors. Additional studies should 
be made to account for such items as relay operating lag, static 
friction, and Coulomb friction. 
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_Appendix 


Maximum Error or A Servo With UwstaBLe PERFORMANCE 


Any servo, operating with a sinusoidally varying input, 
eventually must reach a limit cycle, on the phase plane, of a 


some limit such that the time for one cycle is just equal to the in- 
put period, 

It is difficult to prove that these two limit cycles are identical, 
but mechanical solutions of the equations for the cases studied 


_ have always led to one and only one limit cycle for a given set 
_ of parameters. The limit cycle always has the same period as 
the servo input. 


If the trajectory of the servo with unstable performance is 
considered, then since the input is symmetrical in its excursions 
about an average value, it might be expected that the servomotor 
and also the error would be symmetrical about some average 
value. For the phase-plane trajectory, the average value is the 
origin, and the trajectory has mirror symmetry about the origin 
with events occurring at the intersections of any line through 
the origin separated by a half-period in time. 

It is proposed to solve the differential equations for each branch 
of the unstable trajectory, evaluate the constants of integration, 
the phase angle, and the time of travel over one branch, in order 
to have sufficient data to estimate the maximum error. The 
limit cycle to be investigated is shown in Fig. 17, with each branch 
lettered, and all points of importance numbered. The solutions 
are to be evaluated as if + were zero at the beginning of each 
branch and the sinusoidal time functions adjusted to fit the junc- 
tion points. 

The period of the unstable servo is (2r)/(87) and the half- 
period is r/(8T) = T. 

Reference to Fig. 17 and the condition of mirror symmetry 


& = —& =& 
also 
= & = & | 
4 [48] 
= &s 


The equations for each branch of the trajectory as obtained 
from the differential equations [43], [44], and [45] are as fol- 


lows 
Branch U 


A 
& = P, + Br cos (8T'r + @).....{49! 


&= B 


Branch V 


8T sin (8Tr + a) {50} 


A 
&= BT sin (8Tr + a@)........ [52] 
Branch W 
A 
= Py + + Br + — cos (6Tr + @).... [53 | 


r 


A 
g=—Pre'+B sin (BTr + a@)...... 
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Note that (87'r, + a) is the angle that the input has at the 
start of Branch V. 


At Point 5 for r = 7, on Branch V 


A 
cos[BT(r, + 7.) + a] 


Since + 7, =P, and 


Py + Ps — tw) — cos a = 


r 


& = —Pye +S BT sin 


From the relations, Equations [47] and [48], and the Equa- — 
a tions [58] through [65], the constants of integration are deter- 
mined in functions of r, 


P, 


LIMIT CYCLE FOR A RELAY SERVO 


Fic. 17 


Branch X 


and it is necessary to consider only Branches U 
mining tne constants, Ps, Ps, Ps, a, r¢. 


Limit CycLe FOR A 


RELAY SERVO 


A 
& = Py, + Pwe~7 + cos + a) 


r 


A 
= — 


At point 1 forr = 


A 
& =P, + Pi+ 


Oon Branch U 


Substitute Mquations [47] 
for cos @ 


4 +B 


Substitute Equations [50] and [51] in Equation [62] and solve for 
cos (8Tr, + a) 


0 l > 
cos (BTr, + a) = E +5 Br, +e [71]. 


It is not possible to solve Equations [70] and [71] explicitly 
for @ and r, 


and [48] in Equation [58] and solve 


«, but values may be obtained by numerical or graphi- 
and V in deter- cal methods. 


It should be observed that if & is zero, then r, = T and r, = 0. 
For this case Equations [66] to [71] reduce to 


] 
P, B (1 


A 
= —P, — B— 8T sin 


At Point 3 for r = 7, on Branch U 


& = — B 


A 
cos (8Tr, + a) = & [60 | 


r 


At Point 4 for 7 = 0 on Branch \ 


& 


= —P; 


= P, + P, + A cos (8T'r, 


— — AT sin (877, 
0, 


A 
ST sin (8Tr, Be, 


(1+3r)] 


quation [71] reduces to Equation [76]. 
: The point of maximum error occurs at the point §& = 0 and 
T @) (02) hence an exact solution may be obtained numerically for 1(¢=0) 
upon substitution of values for Equation [48], a, and r, obtained 
from Equations [66], [70], and [71]. The value of to- 
"gether with Equation [48], a and +, may then be substituted in 


y 
it 2 —&..... (64) | 
2S (ole 
d Ww 
LS 
Vv 
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n 
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Equation [49| for Susx.. This procedure represents considerable TABLE 1 VARIATION IN &msx WITH VARIATION OF & 
numerical work that is necessary only for an exact result. In os oa — 
most practical cases the results will be sufficiently accurate if 0 1.359 0 (base) 
is taken as 1/27,. Again, if a greater tolerance is allowa- 133 
ble in the values of &max, the value obtained from the case of ; i. 0.50 1.377 +1.2 
& = 0 may be used, and the values from Equations [72], [73], 0 
(76], andr = 1/21 substituted in Equation [49]. 
The maximum error for the case where 4/6, = 1, B = 1 senting results from differential-analyzer curves, and is well 


8T = 1, and & varies from zero to | is shown in Table 1, repre- within +2 per cent of the value obtained for & = 0. 
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By W. E. SCHORR,’ 


The factors contributing to the friction in cable-pulley 
or rope systems are analyzed, and an empirical equation 


for calculating this friction is derived. 


4 


The following nomenclature is used in the paper: 


NOMENCLATURE 
diameter of cable, in. 

diameter of pulley-throat groove, in. 
diameter of pulley shaft, in. 


effective diameter of pulley, in. 
misalignment of cable, deg 


= coefficient of friction of bearing, based on shaft 
diameter 

= coefficient of friction of bearing, based on pulley 
diameter : 


= cable bending factor 

coefficient of sliding friction of cable-pulley materials 
bearing friction, !b 

cable bending friction, lb 

friction due to inertia effects, lb 
maximum cable bending friction, |b 
total friction, Ib 

inertia effects 

length of lay of cable, in. 
number of strands in cable (not including core) 


= norma! load on pulley, Ib 

cable tension, Ib 

angle of cable bend, deg 

= critical angle of cable bend, deg 
6, angle of full cable bend, deg 

¥ = pulley design factor 


¥ 


= 


The symbols are illustrated in Fig. 1. 


1 Based on a thesis submitted to the Graduate Division of the 
College of Engineering in partial fulfillment of the requirements for 
the degree of Master of Mechanical Engineering at New York Uni- 
versity. 

2 Instructor, New York University. Jun. ASME. 

Contributed by the Machine Design Division and presented at 
the Spring Meeting, Washington, D. C., April 12-14, 1950, of Tae 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
February 7, 1950. Paper No. 50—S-17. 


ILLUSTRATING NOMENCLATURE 


Cable-Pulley Fr 


culated. 


tor. 


construction, and material of the cable. 
_ ing friction f, will depend upon the materials of the cable and the 
pulley. 
design of the pulley, such as groove shape, groove radius, and 
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INTRODUCTION 


Cable-pulley systems or rope drives are used both for the trans- 
mission of power from one rotating shaft to another and for the 
transmission of a force or motion from one point to another. 
In the former case, much friction is desired between the pulley 
and the cable in order that the power of the driver pulley be trans- 
mitted undiminished to the driven pulley. Basic information is 
readily available on the variables involved in this application. 

In the case of motion transmission, such as is experienced in 
control systems, hoisting, haulage and transporting services, how- 
ever, the transfer of a force by means of a cable is desired. The 
pulleys are used merely to direct the force from the point of ap- 
plication to the point of action. The presence of large frictional 
losses in such systems has a detrimental effect upon the operation 
and life of the system and should be avoided. 

This problem becomes especially important in control systems 
such as are used in aircraft where limitations of equipment and 
design exist, where quick and dependable action is of utmost 
importance, and where manual overcoming of the friction of the 
system may result in undue exhaustion of the pilot. In other 
applications, even though the problem is of lesser importance, 
the minimizing of the friction of the system will result in higher 
efficiency and more satis!actory operation. 

Basic information as to the relative importance of the factors 
involved in these applications is lacking, however, and little data 
exist which will enable the energy losses of the systems to be cal- 
This paper studies some of the variables involved and 
condenses them into a useful empirical equation as determined 
from experimental data. 


PRELIMINARY ANALYSIS 


The preliminary analysis indicates that the factors involved ° 
in cable-pulley total friction F; are d, cable diameter; D, effec- 
tive pulley diameter; 06, angle of cable bend; 7, cable tension; 
— e, cable misalignment; f,, f., f,, bearing, cable, and pulley friction 


factors, respectively; y, pulley design factor; and J, inertia fac- 
The coefficient of friction f, will depend upon the type of 
bearing (plain, ball, or roller), and the operating conditions. The 
cable bending factor f, will depend upon the design, flexibility, 
The coefficient of slid- 


The pulley factor y will depend upon the material and 


so forth. 
Moreover, the total friction arises from several sources and 


_may be separated into (1) friction in the bearing Fg, (2) internal 


friction of the cable in flexing and digging into the pulley F,, and 
(3) the energy expended in overcoming the inertia effects of the 
system, F, 


Bearing Friction, Fy. The loss due to the sliding contact of 
the rotating pulley on its shaft may be expressed as 


where f,’ is the coefficient of friction at the point where Fs, is 
applied. 
The coefficient of friction f, is usually expressed in terms of the 


=) 
— 
fi’ 
Fy 
: 
> 2 
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shaft diameter, d,. However, since the bearing loss must be 
overcome by a force applied at the effective pulley diameter D, 
the coefficient must be re expressed in terms of the pulley diameter 
(f,'), or a correction ratio be applied 


d 
SA fr D {3 | 
The normal load \V may be expressed in terms of the cable ten- 
sion 7’ and the angle of cable bend @ as shown in Fig. 2. Thus 
N = T [4] 
N 
T 
T T 
T°-2TT Cos © 
N= T(2-2Cos 8) * 
Fic. 2) Resoivution or Forces 


Therefore the bearing friction may be given as 


Fz =f,’ T(2—2 


cos 6)'/?.. 


Cable Bending Friction, F,. The wire rope used in control 
systems and wire drives is composed of several wires which are 
helically wound around another wire to form a strand. Several 
of these strands are then helically wound around a core (wire or 
fiber) to complete the cable. In bending around a pulley or 
sheave, the individual wires must be free to move in order to con- 
form to the contour of the pulley. This movement expends en- 
ergy, since it will result in tension in the outer wires of the bend 
and compression in the inner wires in contact with the pulley. 
Moreover, there will be sliding friction as the individual wires 
rub against one another and against the surface of the pulley as 
the cable conforms to the desired curvature. The cable bending 
friction F, will be a function of d, D, 6, T, e, f., f,, and y, as pre 
viously defined. 

Friction Due to Inertia Effects, F ;. 
required to start a system moving from rest, overcoming inert 


Since more initial force 


effects, than is necessary to keep it moving, there exists both 
static and a dynamic condition of friction in a cable-pulley sy 
tem. The inertia effects will depend upon the weights of tl 
moving components of the system, their moments of inertia, t 
velocity of the cable in moving over the pulleys, and any vibr 
tions present in the system. 

Test Conditions. The foregoing analysis indicates that t 
variables involved are too numerous for all to be considered in t] 
present investigation. However, since the problem of friction 
not as important where the pulleys are few and where factors su 
as weight and space are secondary, the actual tests will be con- 
ducted with regard to an application where the conditions are 
The test 
data obtained will therefore be directly applicable only to these 
systems (or to systems using identical test specimens), but the 
general form of the solutions will hold for all applications, ex- 
cept for actual values of constants and coefficients, 


serious, for example, the control system of an aircraft. 


The components of aircraft control systems have been speci- 
fied by military and governmental agencies, and thus several of 
the variables involved will remain constant in all such systems 
and need not be investigated. 

Cable. Specifications require that 7 < 19 extra-flexible stain- 
less-steel cable be used. The present tests were limited to the 
use of this type of cable, and so the cable factor f, was not varied. 
Pulley. AN 210 (AN-FFP-796) micarta pulleys with anti- 
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friction ball bearings (K series) were used. This limits f, to 
micarta-steel, y to AN 210 design, and f, to antifriction ball bear- 
ings. 


Operating Conditions: 


1 The combinations of cables and pulleys that may be used 
together are specified by AN-FFP-796, and so only these were 
tested. 

2 Misalignment e must be avoided and kept below 1'/; deg 
The effects of misalignment were 


in all acceptable systems. 


kept at zero, and thus variations were not investigated in this : 

test. 
3 Since vibrations always exist in an aircraft while in flight, | = : 

and since no excessive linear velocities of cable are involved, the 7 

static friction is eliminated and therefore only the dynamic . 


friction was investigated (eliminates F,). 


The foregoing limitations reduce the variables to be investi- 
gated to d, D, 6, and T and changes the total friction to the total 
dynamic friction so that 
[6] 


Test Serur Meruop 


Since the preliminary analysis indicated that the variables 
D, d, 6, and 7’ must be investigated, a test jig was designed which 
The 


would allow for the necessary variation in these factors. 
test setup is shown in Fig. 3. 


Useo iw Friction Tests 


“Ses. 4 MowuNTING or PULLEYS 


¥ 


The apparatus accommodated all standard pulleys from | to 
6 in, diam, in combination with all cable sizes, and permitted all 
angles of cable bend from 0 to 180 deg at any desired cable ten- 
sion, 


Four identical test pulleys were tested on the jig at one 
time, all at the same cable bend as determined by the angle disk. 
A close-up showing the mounting of the test pulleys is given in 
Fig. 4. 
buckle and measured by a dynamometer. 


The cable tension was adjusted by means of a turn- 
A weighted tray and 
small spring scale were connected by means of a cord over an 
idler pulley to one groove of a double-grooved guide pulley, 
while the test cab - ran over the second groove and over the four 
test pulleys. A force was applied on the scale (or the scale in 
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PULLEY DIAMETER -IN 
Fic. S Dynamic Friction Versus DiamMerer 
‘-in. cable, 400-Ib cable tension.) 


conjunction with the weights in the tray), until the system moved 
ata constant velocity. The velocity or speed of the cable of the 
test was approximately 1.5 fps for a test distance of about 6 ft. 
The force as read on the scale plus the weights in the tray repre- 
sented the friction of the entire system. 

One run was taken at zero angle of cable bend. This repre- 
sented the tare of the system, that is, the friction of the system 
minus the four test pulleys. By subtracting the tare value from 
the total value measured, the net friction of the test pulleys alone 
was determined. Since four test pulleys were involved, this net 
friction was divided by 4 to obtain the friction per pulley. 

The pulley-cable combinations tested were as follows: 


Cable 
3A 3/32, 1/8, 5/32, 3/16 
4A 3/32, 1/8, 5/32, 3/16 7 
5A 1/8, 5/32, 3/16, 1/4 
6A 3/16, 1/4 


The bearing-friction tests were conducted in two ways. For 
the light bearing loads, a very flexible fiber rope was wrapped 
around two identical test pulleys, and the force required to keep 
the system in motion at constant speed was measured. Since the 
fiber cord was very flexible, the cable bending friction was negli- 
gible, and the force applied merely overcame the friction present 
at the bearings of the two pulleys. The setup is illustrated in 
Fig. 5(a). 

For the heavier bearings loads, a force was imposed on two 
stationary test pulleys by means of a cable-and-turnbuckle 
arrangement. The torque required to turn the shaft passing 
through the pulleys was then measured. The friction values re- 
sulting were divided by 2 to obtain the bearing friction per 
pulley. This setup is shown in Fig. 5(6). 


Test RESULTS 


From the test data obtained, the following relationships were 
plotted for ali of the pulley-cable combinations which were tested: 


(4A pulley, */is-in. cable.) 
@ 
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Fic. 9 Dynamic Friction Versus Caste 
(4A pulley, 400-lb cable tension.) 


Curve 1 Total friction versus cable tension (Fr vs T) 
Curve 2 Total friction versus cable bend (Fr vs 6) 

Curve 3 Total friction versus pulley diameter (Fr vs D) i 
Curve 4 Total friction versus cable diameter (Fr vs d) 
Curve 5 Bearing friction versus normal load (Fr vs NV) 


Typical examples of Curves 1 to 4 are shown in Figs. 6 to 9, in- 
clusive. Since the normal load V, may be expressed in terms of 
T and @ (see Equation [4]), the bearing-friction curves(F, versus 
N) were redrawn in terms of the cable bend @, for constant values 
of cable tension 7. 

Also, since it was determined originally that Fy; = Fz + F, 
(see Equation [6}), the bearing friction was subtracted from the 
total friction, and the relationships for the cable-bending friction 
F.. were obtained. 

The data and curves indicated immediately that Fy, (Fg, and 
F., also) varied directly with the cable tension 7’ within the test 
range, and so only the variables 6, D, and d required further con- 
sideration. Therefore the following curves were plotted: 


Curve 6 Bearing friction versus cable bend (F8 vs @) 

Curve 7 Cable bending friction versus cable bend (F, vs 6) 

Curve 8 Cable bending friction versus pulley diameter (F. vs D) 
Curve 9 Cable bending friction versus cable diameter (F. vs d) 


Curves 6 to 9 are shown in Figs. 10 to 12, inclusive 

Bearing Friction, Fg. The test data indicated that the bearing 
friction was directly proportional to the normal load, and thus 
the initial analysis was substantiated. The equation for the 
bearing friction is therefore 


Cable Bending Friction, F... The curve of cable bending fric- 
tion versus cable bend (Ff. versus @) indicated that the friction in- 
creased parabolicaily from a zero cable bend, reached a maximum 
value, and then remained essentially constant at the maxi- 
mum value up to a complete bend of 180 deg. This suggested 
that a critical angle of bend existed for every pulley-cable com- 
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Fie. 10 Friction Versus Cas_e BEND 
(4A pulley, 3/u-in. cable, 400-lb cable tension.) 


bination, an angle above which the cable bending friction was 
essentially independent of increased cable wrap. This critical 
angle @, was investigated, and an empirical equation in terms of 
d and D was derived. This was readily done since the curves of 
@, versus d, and 0, versus D plotted approximately as straight lines 


on log-log paper, within the test range, Figs. 13 and 14. The de- 
rived equation was 


- The value of the cable bending friction at the critical angle 
Fmax was found to be the maximum value of friction due to this 


source. Curves of Fmax versus d, and Fmax versus D, also plotted 
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as straight lines on log-log paper, Figs. 13 and 14, and the tollow- 
ing relationship was obtained 
d\-92 
= 
= 7 [8] 
‘Below the critical angle, the cable bending friction is depend- 
ent upon all the variables @, d, and D and increases parabolically 
with increasing cable bend. Using the values of @, and Fmax ob- 
tained, and assuming a parabolic variation, an empirical equation 
for the cable bending friction at subcritical angles was derived 


- Total Dynamic Friction, Fy. Since the total dynamic friction is 
the sum of the cable bending friction and the bearing friction, 
the derived equation for the total dynamic friction for 6 < @, is 


(Critical cable angle, 400-lb cable tension.) 


(Critical cable angle, 400-lb cable tension.) 


Fy, = F, + Fg 
- , = “08 fa 
Fr, =T ) pew ) (161)? + f,’ (2 — 2 cos 6) 
: 
—*) 


+ fy’ (2 — 2 cos 


Since, in most applications, the angle of cable bend is greater 
than the critical value, the equation for total dynamic friction 


may be reduced to 


T 7 Dis + f, (2 COS A) 
k:xamples of bearing friction, cable bending friction, and total 
dynamic-friction curves are shown in Fig. 10. _— 
Discussion or Test RESULTS 


Cable Bending Friction. The existence of a critical angle of 
bend @, and a maximum value of cable bending friction Fmax may 
be explained as follows: 

Internal friction in the cable is caused by the bending and un- 
bending of the cable as it contacts and leaves the pulley. In con- 
forming to the contour of the pulley, the individual wires and 
strands composing the cable must bend and rub against one an- 
other and against the pulley surface, thereby producing sliding 
friction. The actual bending occurs only at the points of tan- 
gency of the cable and the pulley, however, and once the cable 
has been bent through an angle great enough for the individual 
wires to reach equilibrium at the desired curvature, no further 
relative movement occurs until the point of unbending is reached. 
When an angle of cable bend greater than the critical angle is 
encountered, the cable sections which are bending and unbending 
at the points of tangency are developing friction, whereas the 
central section is merely fixed to the contour of the pulley and 
contributes nothing to the losses. A condition of maximum 
cable bending friction occurs, therefore, and this will exist when 
the critical or full bending angle has been reached. 

The magnitude of the critical angle depends upon the diameters 
of the cable and the pulley, since these factors influence the sever- 
ity of the bending required of the individual wires. Referring 
to available data,* an angle of full bending is derived which de- 
pends upon the “lay” of the rope or cable. The length of lay 
of the cable / is defined as that distance measured parallel to the 
axis or center line of a cable in which a strand makes one com- 


* “Roebling Handbook,”’ John A. Roebling’s Sons Company, Tren- 
ton, N. J., 1947. 


; 
Ree 

-~ 
ip 

< fal 
7 
2 

= 

| 

pe 

Meg 

4, 

{ 

= 


in SCHORR—CABLE-PULLEY FRICTION 
~ 


plete spiral or turn around the cable. According to the fore- TABLE 1 COMPARISON OF oo rc Al. ANGLE AND ANGLE OF 
going reference, once full bending is encountered, it makes no 


. . 8c 6c 
difference how great the departure (arc of contact with the Paw 4 A ge (meas- (caleu- 
pulley), the effect on the rope will be the same. The angle of — ~~ : = ; — a, 
full bending 6, is given as 1.656 (3A) 3/32 40 39.5 47 
360 | f 1.656 (3A) 1/8 42 44 62 
‘ 13 1.656 (3A) 5/32 50 49.5 7 
y= (13) 1.656 (3A) 3/16 62 57 101 
3.156 (4A) 3/32 25 28 24.5 
3.156 (4A) 1/8 30 32 33 
This is the equation for the center angle of a circular segment + 
whose diameter is D snd whose length of are is equal tol. For 4.592 (5A) 1/8 28 26.5 23 
592 (5! 5/% : 2 2 
the 7 X 19 cable tested, the length of lay was determined to be ‘a (Bay 3) 4 = 4 : = 
approximately 1 = 7.2d Substituting this in Equation [13], we 4.592 (5A) 1/4 38 38.5 45 
btai 5.592 (6A) 3/16 30 29.5 28 
obtain 5.592 (6A) 1/4 32 33 37 


re! 2:08 6, = 825 Dos [14] Bearing Friction. According to earlier data,‘ the loss of energy 


due to friction in the bearings arises from (1) the sliding contact 
between the balls and the separating pockets, (2) the rolling or 
internal friction of the steel due to deformation of the balls and 
races under load, (3) the slip which may occur in contact areas, 
and (4) the friction due to windage at the higher speeds. Since 

qe-s the tests were run at low speeds, friction due to windage was 

The coefficients of friction for ball bearings as given in most 
literature range from 0.0005 to 0.0095, based on shaft diame- 
ters, depending upon the operating conditions.’ The actual 
values obtained in the present investigation, however, ranged 
from 0.013 to 0.032, based on shaft diameters (or 0.001 to 
0.005, based on pulley diameters). The discrepancy is proba- 
bly due to the fact that the literature values are for ideal, well- 
lubricated, new or clean conditions, whereas the test values 
represent actual service conditions. Qualitative tests con- 
ducted on pulleys with dusty or poorly lubricated bearings re- 
sulted in the coefficients of friction increasing to 0.032-0.075, and 
higher. The bearing coefficients as determined for the pulleys 
tested are given in Table 2. 


The results of the present tests indicate, however, that within 
the test range, the critical angle @,, at least in so far as cable bend- 
ing friction is concerned, is 


The constant 161 and the exponents are dependent upon f,, f,, n 
and y. 

Although the two equations differ, the idea of a “‘critical’’ 
angle is substantiated. One reason for the discrepancy may be 
that Equation [13] assumes that one full rope lay is necessary 
between the points of contact of pulley and cable before equilib- 

rium of the individual] wires occurs, whereas actual contact takes 
place against the sides of the pulley flanges and the actual dis- 
tance between contact points may be less than one full rope lay. 
This would result in the critical angle @, being less than the calcu- 
lated angle of ful! bending @,. Another factor involved is that of 


slippage between the cable and pulley surfaces at the points of 
‘PP The bearing friction was found to vary directly with the nor- 
contact. If slippage is present @, may be greater than @,, since 
s , ‘ mal load, except for a slight initial sliding-contact friction which 
relative movement between the wires would occur for a distance 
exis en a oad conditions. In the analysis of the equa- 
, this s on was ted, 
Values of the critical angle @, (measured and calculated) and B 8 
the angle of ful bending 6, are given in Table 1. : F TABLE 2 COEFFICIENTS OF BEARING FRICTION 
The maximum value of cable bending friction Fmax also ce- Pulley Shett 
pends upon d and D, inasmuch as more energy is expended in Pulley diam, D, diam, ds, : 
bending a given-size cable over a smaller-diameter pulley, or bend- 
ing a larger-size cable over a given-size pulley. In the derived 4A 3.156 0.25 0.031 0.0024 : 
5A 4.592 0.375 0.0147 0.0012 
equation 6A 5.592 0.375 0.0148 0.0010 
qi-92 
Froax = pis and the coefficient of friction was assumed to be independent of 
load. 
Since the bearing friction is directly pr i - 
the exponents of d and D are dependent upon the actual cables and ae be pty omg eect me y proportional to the nor 
: : : mal load, which in turn increases with the angle of cable bend (at 
pulleys tested. If galvanized or zinc-coated cable or less flexible the wil 
sonst cable tens ‘aring friction w ase - 
cable, were used (thereby changing f, and n), the exponent of d 


tinually with increase in cable bend. 

Total Dynamic Friction. Very little data exist on the fric- 
tion present in pulley-cable systems, and therefore comparative 
values are meager. The only data known to the author are the 
results given by Schorr,* and Remington and Matthews.’ Com- 
parison with these results are very good and are shown in Fig. 15, 


would increase. The use of steel or other material for the pulleys 
ene (changing f,) would change the exponent of D. A change in 
pulley groove diameter or throat design (changing ¥) would re- 
sult in changes of the exponents of both d and D. Regardless 
of the changes in materials and design, however, the general 
y form of the equation would be similar, the actual values of the 

In some of the pulley-cable combinations tested, the test data | ondon, Conn., vol. 11,1939. sieht 

indicated that the cable bending friction decreased somewhat ’ “Ball Bearings,"’ by H. Hess, Trans. ASME, vol. 29, 1907, p. 371. 
after reaching the maximum value at the critical angle of cable * “Cable-Pulley Friction,” by W. E. Schorr, Republic Aviation 
bend. The results were inconclusive, however, and therefore Corparamen, Farmingdale, L. I., N. Y., no. 289, 1943. 


“Reducing Friction in Cable Control Systems,”’ by K. D. 
this friction is assumed to remain constant at Fmax in the present ton and F. A. Matthews, Aero ion. vol. 44, Feb. 1, 1944, pp. 
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together with total friction values as calculated from the derived 
equation. 


CONCLUSIONS 
The conclusions derived from this investigation are as follows: 


| The friction in cable-pulley systems increases as follows: 


(a) With increase in cable tension (linearly). 
(b) With increase in angle of cable bend. 

(c) With increase in cable diameter. 

(d) With decrease in pulley diameter. 


2 An empirical equation for determining the total dynamic 
friction in cable-pulley systems is 


) Di (161)? 
+ fy’ (2 — 2 cos @)' < 
For most applications, this may be reduced to 
Fp =f + (2 — 2 cos 628. 


3 A critical angle of cable-bending friction exists, above 
which the friction becomes independent of increased cable wrap 
The value of this critical angle depends upon the cable-pulley 
combination involved and is related as follows 


6. = 161 


4 A maximum value of cable-bending friction exists at angles 
of cable bend equal to or greater than the critical angle. This 
maximum value may be expressed as 


5 The coefficients of friction tor ball bearings under actual 
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Fig. 15 Comparative Test Curves 


(4A pulley, * w-in. cable, 400-lb tension.) 


Dis 


service conditions are higher than those usually listed. The 
friction due to the bearings may therefore become a substantial 
part of the total friction in cable-pulley systems. 
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Discussion 


H. C. 
made to evaluate design factors in cable systems is accurate and 
complete. Thereby the aircraft designer can select components 
of cable and pulleys which will permit operating loads within 
required design limits. 

In the course of manufacture of aircraft control pulleys from 
phenolic laminated or macerated materials, many endurance 


The mathematical approach which has been 


tests have been made. With a precision bearing of low coefficient 
of friction, limits of endurance were established by heating and 
fraying of the cable. Cable friction in such cases is of predomi- 
nant importance. Other cases developed where bearings were of 
low coefficient of friction but not precision-built, which would 
cause cable misalignment and thus produce high bearing and 
high cable friction to lower endurance limits. Certain plain 
bearings or those having high coefficient of friction would estab- 
lish lowered endurance limits by failure from within the bearing. 
Again, cable failures may result from high coefficient of sliding 
friction of cable-pulley materials. Pulleys of semicushioning 
quality material, as cloth-reinforced phenolic products, provided 
increased endurance limits. 


F. A. Marruews.® 
reasons for the importance of considering friction in the design 
of control systems, pilot fatigue and dependable action. Of equal 
or greater importance is the adverse effect of friction in the main 
flight controls on the aerodynamic stability of the airplane. 
Particularly in the case of control surfaces with a high percentage 
of aerodynamic balance does excessive friction play an extremely 
important part. Since, at the neutral position of the control 
surface in flight, forces on both sides of the surface are in balance, 
even small amounts of friction in the control system will upset 
this balance and allow sufficient surface deflection to change the 
attitude of the airplane without generating sufficient air load to 
return the surface to neutral. For example, a pilot in leveling 
off his ship after a maneuver has a tendency to overcorrect, due to 
the time lag between the movement of the surface and the response 


In his introduction the author gives as 


of the ship. In a good control system the surfaces, due to the 
lack of friction, are able to neutralize themselves, and the airplane 
maintains the level flight attitude. In 
there is sufficient friction to prevent the surfaces from neutralizing 
themselves, and they must be This 
condition results in hunting around the neutral position and in- 
stability or oscillation in the flight path 

In tests by the writer's company the apparatus used was very 
similar to that used by the author, with one exception: The 
four pulleys in the system on which the friction was being 
measured were mounted on a carriage which traveled on ball- 
bearing rollers on a machined track. Thus the cable remained 
stationary, and the pulleys moved along the cable. 
imparted to the carriage by means of a constant-speed motor 
which was attached to a cable connected to the carriage through 
a flexible bar to which a strain gage was attached. The load 
required to move the carriage was recorded by an SR-4 electric 
Tare runs indicated that there was no appre- 
ciable variation in the load required to move the carriage through 


a poor control system 


neutralized manually. 


Motion was 


strain recorder. 


its entire travel. Inasmuch as the major concern of the tests 
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was static friction, the carriage was moved very slowly —approxi- 
mately '/i¢ ips. 

In operation the carriage was placed in such a position as to 
allow a slight amount of slack in the operating cable, and the 
Thus, the initial stroke of the strain- 
recorder needle recorded the load required to overcome static 


motor was then started. 


friction and impart motion to the carriage, and subsequent record- 
ing was the dynamic friction at the speed previously mentioned. 
It was felt that this setup would result in freedom from small 
errors created by the necessity of determining visually the precise 
moment there was sufficient load to impart motion. 

In conducting the tests it was found that there was some 
variation in friction measured in different spots in the same 
cable, and slightly more variation in different test specimens of the 
same type of cable cut from different reels made by the same 
manufacturer. These discrepancies were considered to be small 
enough to have negligible effect, since all curves resulting from the 
tests were the average of several test runs. 

In the test conducted by the author, the effect of cable mis- 
alignment on cable-pulley friction was correctly assumed to be 
negligible in a properly designed control system. The writer's 
tests substantiate this assumption inasmuch as it was found that 
misalignment up to 2 deg had no appreciable effect on friction. 
It is interesting to note, however, that at the critical angle of 
cable wrap, the cable-pulley friction increased approximately 
70 per cent as a straight-line function between 2 deg and 5 deg 
misalignment. The test conditions in this case were */), tinned 
cable on AN-210-4A pulley with a 500-lb rig load. Indications 
were, however, that the effects of misalignment above 2 deg were 
a variable function and seemed to decrease as angle of wrap of the 
cable on the pulley increased, within limits. 

There is some disagreement with the assumption made by the 
author that vibration in the control system eliminates static 
friction and, therefore, only dynamic friction need be considered, 
aus the assumption was not borne out in our test results. The 
assumption made by the writer’s company was that the detri- 
mental effects of friction in an airplane control system were due 
to the necessity of motion being imparted, either by the pilot or 
by the control surface, to a system temporarily substantially at 
rest. 

Undoubtedly statie friction is affected by vibration, and dy- 
namic friction must also be considered in an analysis made of a 
control system during its design stages. However, one of the 
premises on which the tests at the writer's company were based 
is that friction in a control system being detrimental, it would 
be the better plan to follow a conservative course in the analysis 
of friction during the control-system design and use static friction 
in the analysis. This would allow those benefits resulting from 
vibration to offset the unknowns encountered in the complete 
system, such as congealed grease in pulley and hinge bearings, 
warped control-surface hinge lines, unbalanced masses in control- 
system elements such as quadrants, control columns, and_toler- 
ances in the balance of the control surfaces themselves. 

Inasmuch as friction is most detrimental at or near the stable 
flight attitude of the airplane, corrections are of necessity small 
and usually at very low rates of speed. Therefore, it was felt 
that. the dynamic friction would approach closely the values 
of static friction, and, again, using static friction would be the 
better course to follow. 

Although there is an almost infinite number of variables to be 
considered in attempting to determine the effeet of vibration on 
friction, it was decided that tests of a simple nature could be 
conducted and trends established, although no definite conclusions 
could be reached. In this test setup the entire apparatus was 
vibrated at varying frequencies and amplitudes. The trends 
established were as follows: 
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1 There is an over-all reduction in static friction which varies 
to some extent with both frequency and amplitude. 

2 The reduction in friction varies in inverse ratio to the angle 
of wrap of the cable around the pulley. 

3. The reduction in friction varies as a direct ratio of the rig 
load in the cable. 

4 Within the scope of the tests conducted, the variation in 
friction appeared to be independent of the critical angle of wrap or 
cable bend. 

5 Within the scope of the tests, the variation of frietion with 
vibration appeared to be independent of the speed of cable 
travel. 

It was concluded as a result of the tests that, although vibration 
served to reduce static friction somewhat, it did not eliminate 
it as a factor. In all tests conducted, both with and without 
vibration, it was found that the “breakaway” friction or force 
required to start motion between pulleys and cable was higher 
than the foree required to maintain motion. This apparent 
failure to eliminate static friction may be ascribed to the fact that 
in most circumstances the motion of a cable in a control system 
under vibration is found to be perpendicular to the axis of the 
It is even conceivable to sup- 
pose that conditions of amplitude and frequency could exist 


cable rather than along the axis. 


which would increase the statie friction of the system. 
simple nature within the of the 
apparatus were also conducted to compare dynamic friction at 


Tests of a scope test 


slow speeds with static friction. It appeared that at the speeds 
possible without revising the test apparatus, there was a slight 
reduction of static friction once motion was started, but that up 
to a point there was actually a slight increase in force required 
No attempt 
was made to determine the cause of this increase, as a further 
Table 3, 


to maintain motion as the speed was increased. 


increase in speed served to reduce the force required. 
herewith, gives data typical of the results obtained. 


CABLE-PULLEY FRICTION IN POUNDs, AS AFFECTED 
BY SPEED AND ANGLE OF WRAP 
(* -in-diam 7 X 1° zine-coated cable on AN-210-4A pulleys at 500-ib 
rig load) 
Speed of cable travel 


TABLE 3 


Angle of 
wrap, deg 


Static 0.06 ips 0.125 ips 0 0.50 ips 
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It is quite apparent from these results that no definite com- 
parison or conclusions could be reached without further testing. 
It was felt, however, that the decision to use static friction in 
control-system analysis would not be erronegus inasmuch as 
the speeds covered by the tests were well within the range of cable 
speeds encountered in the airplane in making small corrections 
necessary to maintain level flight 

As mentioned previously, the discrepancies between results 
obtained from independent tests by the writer's company and 
those obtained by the author in both test and mathematical 
analysis are small, and the over-all results corroborate one another 
within the accuracy necessary to conduct a satisfactory analysis 
of a control system where there are other elements introducing 
small amounts of friction in the complete system. 

An indirect substantiation of the author’s analytical method of 
determining friction may be gained in comparing the results as 
obtained by the analytical method and the Vega tests in Fig. 
15 of the paper, and the comparison between the caleulated and 
actual measured results obtained in using the Vega curves in 
calculating the friction in the flight controls on the P2V Neptune 
bomber which are as follows: 
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Aileron system, couple at rim of wheel. . .Cale. 3.07 lb, actual 3.1 Ib 
Elevator system, force at top of column. .Cale. 4.58 lb, actual 4.5 lb 
Rudder system, force at pedal pivot... ..Cale. 12.7 Ib, actual 12.5 Ib 


It appears that the author’s source of information on specifica- 
tions covering the requirements of aircraft control systems is 
somewhat inaccurate; 7 X 19 extra-flexible stainless-steel cable 
is not required in aircraft controls, except under certain specific 
conditions such as resistance to corrosive fumes, liquids, etc. 
Government specifications allow the use of the following types of 
7 X 19 extra-flexible cable: 

7 1 Stainless steel uncoated to Specification MIL-C-5424 

2 Carbon steel tin-coated to Specification MIL-C-1511 
3. Carbon steel zinc-coated to Specification MIL-C-1511 

In the writer’s company tests, the difference in cable bending 
friction found in testing stainless-steel cable and tinned carbon- 
steel cable was almost imperceptible, and the same values are 
used for both types of cable. Tinned carbon-steel cable is used 
predominantly in the aircraft industry at present—the deflection 
characteristics of stainless-steel cable being such that it is 
extremely difficult to meet deflection characteristics as required 
by specification with the use of this material. 
bon-steel cable was introduced during the last war to conserve 
tin, a critical material, and although not generally in use at present 
its use is still permissible, and it probably would be required in 
the event of another war. 

The writer's tests indicate that the cable bending friction of 
zinc-coated carbon-steel cable is approximately 30 per cent higher 
than the cable bending friction of tinned carbon-steel cable. If 
the maximum benefits of the analytical method introduced by 
the author are to be achieved, exponents should be developed for 
(d) in the formulas. 

In conclusion it is suggested that the use of the analytical 
method for calculating the friction in control systems might 
become unwieldy and laborious, in that over a period of time 
the same equation would be solved repeatedly; particularly in 
the case of those conditions where the critical angle of wrap is not 
reached would this be true. By comparison it would be much 
simpler to develop curves or nomographs by the analytical 
method, which could be used repeatedly without the necessity of 
solving the equations. 


Zine-coated car- 
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_ Mr. Guhl supplies interesting information regarding the endur- 


ance factors involved in cable-pulley friction. Although the sim- 
plified equations for cable-pulley friction (Equation [10] and [12] 


NOVEMBER, 1950 
given in this paper do not indicate the direct effects of the coeffi- 
cient of sliding friction of cable-pulley materials, f,, and the cable 
bending factor, f,, a more complicated equation being developed 
by the author does attempt to include these factors directly in the 
equation. 

Mr. Matthews’ remarks concerning cable-pulley friction and 
the aerodynamic stability of the airplane are absolutely correct. 
Reference to the aerodynamic phase of the control system was 
purposely omitted since the friction present in cable-pulle, 
systems is a genera] engineering problem, and the author did not 
wish to burden the design engineer with the aerodynamic aspect < 
of a specific application. 

The investigation conducted by the author included quantita- 
tive measurements of both static and dynamic friction, and also 
the qualitative effects of vibration on these frictions. The results 
obtained for static friction, however, were not as satisfactory 
as those obtained for the dynamic friction as regards the analytical! 
treatment which was the purpose of this paper. The difference 
between static and dynamic friction was found to be relatively 
low, and to vary with pulley size, cable tension, and angle of cable 
bend. As noted by Mr. Matthews, the values of dynamic friction 
and static friction would approach each other at or near the stable 
flight attitude of the airplane, where friction would be most 
detrimental, and in the present case the more satisfactory data 
of the dynamic friction made it more adaptable to a mathematical 
analysis. 

The author is in complete agreement with Mr. Matthews with 
regard to the many variables to be considered if vibration is to be 
included in this problem. Since the analytical investigation had 
to be kept within reasonable bounds, the quantitative effects of 
vibration were omitted and the qualitative tests conducted were 
used merely to indicate that the presence of vibration tended to 
reduce the static friction and to make it approach the value of the 
dynamic friction. The trends established by Mr. Matthews, 
however, are most interesting and informative. 

The cables used in the tests were limited to those covered by 
Specification AN-RR-C-48, since this was the Government speci- 
fication for the aircraft concerned (Republic XP-69) at that 
time, 1942. As pointed out in the paper, for coverage of all 
possible applications (aircraft or otherwise) the exponents of 
d and D and the constant of Equation [7] must be obtained for 
every type of cable and pulley in use. 

The analytical investigation was conducted not only to supply 
design information for one of the more common combinations of 
cable pulley used, but also to indicate the basic effects of some of 
the variables involved in the general problem. 


